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FOREWORD 

From the Minister of Fuel and Power 


THREE years ago, the handbook on “The Efficient Use of Fuel*’ was 
issued to make readily available practical information, which had until then 
been scattered through the volumes of many technical journals. Since that 
time it has become recognised that fuel efficiency has a lasting contribution 
to make to our industrial progress. 

At the request of the Fuel Efficiency Committee, therefore, one of their 
members, Mr. Oliver Lyle, has written this companion book on a particularly 
^ important section of their subject. Again the primary objective has been to 
assemble, within a single volume, facts and figures hitherto available only to 
those with time and access to a considerable library. 

I commend this book to all those responsible for the design or operation 
of steam-using plant. I am sure that it will be found to be of great value in 
promoting efficiency, with its attendant advantages of increased production, 
lower costs and higher quality of product. 


7 , Millbank, London, S.W.i, 



INTRODUCTION 


Soon shall thy arm, unconquered steam! afat 
Drag the slow barge^ or drive the rapid car ; 
Or on wide waving wings expanded bear 
The flying chariot through the field of air. 
ERASMUS DARWIN. The Botmic Garden, 1 792. 

Steam is industry’s most wonderful, flexible, adaptable tool. No self- 
respecting workman presumes to call himself by his craft name until he knows 
how to use and look after his hammer, chisel, saw, micrometer, megger—or 
even hod or larry. Yet “ Steam Users ” misuse and ill-treat steam, the 
beautiful heating and power tool, because they have never learnt how to use 
and care for it. 

Steam has tremendous advantages over other tools. Once its ways are 
known, it never slips, never breaks, never turns its edge. Everything, or almost 
everything, that needs to be known about steam is in the Steam Tables— 
awe-inspiring columns of figures with unalluring titles. 

There is nothing new about steam. Its properties have been known for 
100 years. Each generation simply adds another decimal place to these 
properties. 

The new knowledge that the war has uncovered is the sad lack in only too 
many factories, large and small, of the simple principles governing the economic 
use of steam. Immense pains are often taken to capture an extra 2 or 3 per 
cent, in the boiler house, yet the factory may be using 2 or 3 times as much 
steam as is necessary. 

This book is an attempt to gather together, for the benefit of the practical 
factory steam user, the essential information, which should enable steam to be 
correctl) used. About a third of the book has already appeared in the Fuel 
Efliciency Committee’s Bulletins. 

As fai as possible, mathematics have been avoided (the most “ advanced ” 
mathematics in this book is a pair of simultaneous equations), but there is 
necessaiily a good deal of arithmetic. 

Abbreviations have been borrow^ed from our transatlantic allies ; for 
example, the cumbersome British contraction lb. per sq. in. has been replaced 
by psi, and Btu has replaced B.Th.U. 

The first three chapters are largely theoretical. Some readers may find 
them a little dry. The author was stiongly tempted to put them in an Appendix, 
but, as all but two of the subsecj[ucnt chapters are built on the structure of the 
first three, it was felt necessary to start with the theoretical framework. 

Considerable trouble has been taken to make the Index complete. Cross 
indexing has been done often to the third and fourth generation, but cross 
indexing is not 100 per cent, complete. By making the Index a section index 
instead of a page index it was possible to prepare the index unhurriedly while 
the text was being criticised and corrected. 

Where tables are short they are first printed in the text to which they apply. 
Most of the tables are collected together at the end of the book for easy 
reference. 
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THE EFFICIENT USE OF STEAM 


The book is intended to be a practical manual; it is not a text book. No 
attempt is made to describe the design and construction of the more 
important pieces of steam plant, boilers, engines, turbines, etc., though the 
behaviour of steam in some of these plants is discussed, often in great detail. 
Some of the explanations may not be scientifically correct, but the author 
believes that it is more important to be nearly right and understandable than 
to be academically accurate and incomprehensible. (The author is insufficiently 
equipped to be academically accurate.) 

The book would never have been possible without the help of many friends 
whose brains the author has shamelessly picked. In particular the following 
have given, often unconsciously, of their learning and experience : M. H. Adams, 
W. L. Badger’*', E. H. Blade*, W. L. Boonf, R. Carstairs*, F. M. Chapman, 
W. Davies*, J. Eisner, Oscar Faber*, M. Francis*, W. O. Goldthorpef, 
P. F. Grovef, F. Courtney Harwood^, A. H. Hayes*, J. E. Hobbsj, 
Philip Lylc*t, E. L. Luly, I. F. G. McVickert, J. B. M. Mason*!, 

A. Milnes*!, L. G. Northcroft*!, H. M. Peacock*, J. Philip*, E. G. 
Ritchie*!, Peter Runge*!, F. G. Sellens!, F. Shakeshaft, C. E. G. Simmons*!, 

B. Smith!, W. J. Sparkes!, I. M. Stewart*, J. A. Vice!, A. L Webre*. 
In the case of those whose names bear asterisks, plagiarism has sunk to scissors 
and paste brush. Those whose names carry daggers have read and criticised 
text or corrected arithmetic. To all of these the author is indeed grateful, 
lb Ernest Grumell!, Chairman of the Fuel Efficiency Committee, and to 
Angus Macfarlane*!, Director of Fuel Efficiency, the author owes particular 
thanks for help and guidance. Much valuable information has also been 
obtained from manufacturers of repute. Finally the autlior must thank 
W. A. Glover for translating some 400 rough sketches into pretty pictures, 
Phyllis Davies for hundreds of sheets of virtuoso typescript, J. A. C. Hugill! 
and H. H. Buckley! for reading, correcting and revising the proofs. 

Although this book has been written for the Fuel Efficiency Committee, 
although it has been read and criticised by a dozen people and although much 
of its content has been taken from the work of others, the author alone accepts 
responsibility for the statements made and the views expressed. 

London, E.16. O.L. 

1946. 
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CHAPTER 1 


WHAT STEAM IS—ITS HEATING PROPERTIES 

For hot, cold, moist and dry, four champions fierce 
Strive here for mastery. 

MILTON, Paradise Lost, i666« 

1 . STEAM. In our factories steam is used for heat and power because it 
possesses many outstanding qualities, for example : 

It has a very high heat content. 

It gives up its heat at constant temperature. 

It is produced from water which is cheap and plentiful. 

It is clean, odourless and tasteless. 

Its heat can often be used over and over again. 

It can generate power and then be used for heating. 

It can be readily distributed and easily controlled. 

As far as Steam for Heating and Process is concerned, there are just two 
fundamental things that govern everything. These are : 

1. The boiling point of water decreases with reduced pressure. 

2 , The Latent Heat (the heating ’’ heat) of steam increases with 

reduced pressure. 

As far as steam for Power is concerned there are also two basic rules : 

{a) Use the highest practicable initial pressure and temperature. 

(6) Use the lowest practicable exhaust or back pressure. 

As far as steam for any purpose is concerned there is another rule that is of 
universal application : 

Never permit steam to expand from one pressure to a lower 
pressure without getting some useful result from the expansion. 

In order to understand Steam it is desirable to have some idea of what is 
going on inside water and steam under all sorts of conditions. 

2 . SOLID, LIQUID, VAPOUR. Steam is water vapour. Many things can 
exist in the three different states—solid, liquid, vapour. We all know that the 
cooler the substance the more likely it is to be a solid. The hotter it is the more 
likely it is to be a vapour. What is the mysterious change w^hich affects 
substances so that a solid ‘‘ melts ’’ into a liquid and liquid can “ dry ’’ or 
“ boil ” into a vapour ? 

3 . MOLECULES. All substances are built up of extremely small particles 
called Molecules These molecules are made up of even smaller particles 
called ‘‘Atoms,” which in turn consist of even tinier particles. The essential 
difference between these various particles is that a molecule is the smallest 
particle of a substance which possesses all the chemical properties of the 
substance in bulk ; in other words the qualities that enable us to say : “ This 
is sugar ; that is salt ”. 
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§3-5 EFFICIENT USE OF STEAM! CHAP. I 

Each molecule of ice, water or steam is built up of two atoms of hydrogen 
and one atom of oxygen. If all the molecules in ice, water or steam are the 
same, why is ice solid, water liquid and steam vapour ? The answer is that a 
liquid contains more energy than its solid, and that a vapour contains more 
energy than its liquid. We might have said that water is warmer than ice, 
and steam is hotter than water. This answer would not always have been true. 
Ice and the water it is forming in have the same temperature. The water 
boiling in the kettle is at the same temperature as the steam coming from the 
pout. 

The energy that molecules or any other substance can possess is of two forms ; 
kinetic energy—energy of motion, and potential energy—energy of position. 
An aeroplane in flight has kinetic energy dependent on its speed, and potential 
energy dependent on its height. 

When energy^ is added to a substance under conditions that do not change 
the state of the substance, the energy takes the form of increased motion of the 
molecules and is shown by a rise of temperature. When energy is added under 
conditions that change the state of the substance, the energy takes the form of 
change ot position of the molecules and is shown as a change of state without 
any change of temperature. 

4. LIQUID. The molecules in a liquid are in constant motion, and their 
speed of movement is dependent on the temperature. The hotter the liquid the 
faster do the molecules move. In a liquid the molecules have a great attraction 
for one another, are very close together, and their range of movement is very 
limited. Owing to this congestion and to their erratic movement collisions 
often take place. As a result of multiple collisions some molecules go, for a 
short time, much faster than their fellows who may have been slowed, or even 
stopped, as a result of the collision. If such a speed-merchant is travelling 
upwards at the surface of the liquid it will jump out of the liquid into the air 
or vapour above. The more heat wc add to the liquid the faster go the 
molecules, the more molecules can escape. 

A childish analogy may help to explain how a molecule can reach a speed 
greatly above the average at the expense of its neighbours as a result of multiple 
collisions. By squeezing a wet cherry^ stone between finger and thumb wc can 
impart a very high speed to the stone as c\ result of its being involved in a 
low-speed collision between finger and thumb. If we imagine the cherry stone 
to be one molecule and the finger and thumb each to represent a group of 
converging molecules, this analogy gives a good picture of molecular 
acceleration. 

5. VAPOUR. In a gas or vapour the molecules have overcome the attraction 
that held them together as a liquid. They arc therefore much further apart. 
The volume of a pound of steam at atmospheric pressure is sixteen hundred 
times the volume of a pound of boiling water. In a vapour, as the molecules 
have overcome their mutual attraction, their movement is quite free and is 
limited only by collision with each other and with the walls of the container. 

The difference between a gas and a vapour is partly one of definition and 
partly one of behaviour. A vapour is called a vapour when it is at a 
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temperature at which it can exist as a liquid provided the pressure is sufficient. 
If a vapour is hotter than the temperature at which it can exist as a liquid, 
however great the pressure, it is called a gas. 

A gas obeys certain well established laws regarding its change of volume 
with temperature or pressure, while a vapour obeys the rules imperfectly. 

6. SURFACE EFFECTS. At the surface of water two things are happening. 
A few molecules acquire extra energy from their neighbours and travel so fast 
relatively that they can overcome their mutual attraction and jump out of the 
liquid. A hail of air or vapour molecules is raining down on to the water 
surface. The rain of air molecules knocks most of the ambitious water molecules 
back into the liquid again, but some lucky ones escape. The air contains some 
water molecules because it always carries some moisture, so that, although some 
water molecules are jumping from the water surface some air-borne water 
molecules are diving back into the liquid. 

7. HEAT IS ENERGY. Heat is just a form of energy. When heat is added 
to a substance it is stored in the substance as extra molecular movement. 
Energy can be used to move masses of molecules in bulk and then we call it 
mechanical energy, and the result is mechanical motion. The greater the 
weight to be moved, the greater the energy needed Similarly, the greater the 
number of molecules to be heated—that is, to be speeded up—the greater is the 
energy needed as heat. 

8. DRYING. Let us consider a puddle. It is a dull sultry day with no wind. 
A few molecules of water are jumping out of the puddle. Some of them escape 
into the air over the puddle until the overlying air contains so many water 
molecules that just as many dive back into the puddle as are jumping out of it. 
Since the escaping molecules take their energy with them and since they 
stole their extra energy from their fellows, it follows that the total energy ih the 
puddle is reduced, its temperature is lowered, fewer molecules try to escape, a 
balance is reached, so the puddle docs not dry up any more. 

If the sun comes out the puddle is warmed and its molecules move faster 
so that more can jump out than are diving back, so the puddle starts drying 
up again. Tlie heat of the sun starts air currents and the air above the puddle 
which was laden with \vater molecules, is wafted away from the puddle surface, 
so that the puddle can dry up still faster. 

If foggy air comes along conditions are reversed. Such air carries more 
moisture than it can hold and some of the water molecules join up as liquid 
droplets, which will fall into the puddle and it will get bigger. If the puddle is 
colder than the damp air more water molecules will dive into it than are 
jumping out, and this will make the puddle bigger still. 

The escape of high-speed molecules from a liquid (evaporation or drying) 
causes a reduction of energy in the remaining liquid molecules. The consequent 
drop of the liquid temperature causes the evaporation or drying to slow down 
unless heat energy is added to the liquid to keep up its molecular activity. This 
effect is very clearly noticed by standing in a breeze after perspiring. The 
breeze carries away the escaping molecules, their energy is lost to the perspira¬ 
tion which drops in temperature and we feel chilled* 


A* 
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§9~I3 EFFICIENT USE OF STEAM! CHAP. I 

9. WHAT PRESSURE IS. The pressure exerted by a gas or vapour is due 
to the myriads of impacts of the molecules bombarding the surface enclosing the 
vtipour. If we halve the number of the molecules (without changing their 
speed by a change of temperature) in a given space, we halve the pressure because 
we have halved the bombarding missiles. If we add heat to a gas or vapour 
in a vessel we increase the speed of the molecules and therefore the temperature 
rises. The faster moving molecules demand more room, so the vapour tends to 
expand. If we prevent expansion by keeping the vessel closed the faster moving 
molecules, having the same density as before, must produce a heavier bombard¬ 
ing effect which shows as an increase of pressure. 

10. VAPOUR PRESSURE. If the pressure on the surface of a liquid is 
caused by the rain of air or vapour molecules, it follows that those molecules 
trying to jump out of the liquid must be exeiting a pressure on the air or vapour 
above the liquid. The pressure at which the escape of molecules from the liquid 
just balances the overlying pressure is called the Vapour Pressure of the liquid. 

11. BOILING. Put cold water into an open vessel under atmospheric 
pressure. Add heat to the water. The molecules move about faster as more 
heat is added. This increase of water energy is shown as a rising temperature. 
More molecules try to jump out of the liquid—its vapour pressure rises. Most 
of the adventurous water molecules get knocked back into the liquid, so 
that practically the whole of the added heat energy is retained as increased 
molecular speed in the liquid. As the addition of heat proceeds we reach a 
point where the upward bombardment by jumping molecules overcomes the 
downward bombardment of the overlying air or vapour molecules. That is to 
say, the liquid vapour pressure overcomes the overlying pressure. The speeding 
water molecules, having won the battle, can now leave the water freely provided 
they receive sufficient energy to enable them to overcome their attraction for 
their comrades. Any additional heat put into the water merely shoots off more 
vapour molecules. It is impossible to raise the temperature of—that is, to 
increase the energy in—the water, because this would increase the vapour 
pressure which cannot rise because it has already overcome the overlying 
pressure. The particular temperature at which this state occurs is called the 
“ Boiling Point 

12. EFFECT OF INCREASED PRESSURE. If we close up the vessel and 
pump air into it so that there is a considerable pressure above the liquid there 
are now more air or vapour molecules bombarding the liquid surface. It will 
therefore be more difficult for liquid molecules to fly off ; more will be knocked 
back. In order to make a certainty of escape the liquid vapour pressure must be 
increased to overcome the greater overlying pressure. The temperature must 
be higher which means that the boiling point must rise with increase of pressure. 

13. EFFECT OF REDUCED PRESSURE. If we attach a vacuum pump to 
the vessel and pump out much of the air there will be fewer air molecules 
raining down on to the surface. The liquid molecules suffer less interference 
and can escape more easily. The water can exert the necessary vapour pressure 
at a lower temperature. So, the boiling point of a liquid falls with reduced 
pressure. 
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14. HEAT OF VAPORISATION. When heat is added to liquid which is at 
its boiling point the fly-away molecules take the added energy with them. They 
require it to overcome the attraction of their liquid comrades. Once sufficient 
energy has been added to bring the liquid to boiling point and Win the vapour 
pressure batde, the liquid can gain no more energy. Any attempt to add more 
energy to the liquid just produces more vaporised molecules. The escaping 
molecules require two rations of energy to escape. They have their ration of 
liquid energy and if they pick up a sufficient extra ration to overcome their 
mutual attractions they escape. The first ration is their Liquid Heat,” 
“ Sensible Heat ” or kinetic energy ; the second is the ‘‘ Heat of Vaporisation,” 
“ Latent Heat ” or potential energy. 

15. CONDENSATION. Suppose that we have a vessel supplied with steam 
at a constant pressure and that we spray a little cold water into the vessel. 
The molecules in the cold water are moving slowly so that the vapour pressure 
is low. The high-speed steam molecules bombarding the water meet little 
opposition and can plunge joyfully into the water transferring their energy to 
the water. This increases the speed of the water molecules ; the water 
temperatuie rises ; its vapour pressure rises. This process, in which some of the 
steam molecules are converted into water, will go on until the vapour pressure 
of the water is equal to the steam pressure—that is to say until the temperature 
of the water is the same as that of the steam. This process is called Condensa¬ 
tion Condensation under the conditions just described, where there is an 
excess supply of steam compared to the supply of water, results in the water 
being raised to the temperature of the steam—that is to say to the appropriate 
boiling point. 

Suppose that we spray an excess of cold water through the vessel which is 
being supplied with a relatively small amount of steam. The steam molecules 
will plunge into the water, but, as the quantity of water is large compared to 
the amount of steam, the water will not be heated up very much—^its vapour 
pressure will be low. This enables the steam molecules to go on diving into the 
water until the pressure of the steam has been so reduced as to balance the low 
vapour pressure of the water. In these circumstances the pressure of the steam 
is reduced until it is the same as the vapour pressure of the slightly heated water. 
Condensation with excess water reduces the steam temperature and pressure. 
It creates a partial vacuum. This is the way a ‘‘Jet Condenser ” works. 

Steam molecules can bombard any substance, solid, liquid, or gaseous, and, 
if the molecules of the substance are moving slower than the steam molecules, 
the steam molecules will give up energy in speeding up the slower molecules. 
The steam molecules, having thus lost energy, will be moving slower and some 
of them will find that they have not enough energy to overcome their mutual 
attraction. They will therefore come together again as water. This will occur 
on the surface of a cool metal and is the explanation of the working of a 
** Surface Condenser Both surface condensers and jet condensers were 
invented by James Watt in 1765 . 

16. MELTING. A solid differs from a liquid in that the molecules arrange 
themselves in a form where they exert the greatest possible attraction for one 
another. In such an arrangement they are locked together and cannot move 
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§ i6-i9 the efficient use of steam: chap, l 

independently, their movement is limited to vibration. When a solid is heated 
its molecules vibrate faster until, at a certain point, some molecules are able to 
tear themselves away from their fellows and move independently. This is the 
process called “Melting”. As in vaporisation, the melted molecules take 
their extra energy with them and prevent further rise of temperature of the 
solid. The tcmpciature at which this takes place is called the “ Melting 
Point ”. 

17. HEAT TRANSFER. If heat is added to a metal vessel which contains 
liquid or vapour, the molecules of the metal vibrate faster. These vibrating 
molecules strike the fluid molecules blow's which increase the speed of the fluid 
molecules. In this way heat energy is transferred to a liquid or vapour. 

If a liquid or vapour inside a vessel is hotter than the metal of the vessel, 
the faster moving fluid molecules strike the metal molecules and start them 
vibrating faster. In this way heat energy can be transferred from a fluid to a 
metal container. 

Heat energy must flow from more energetic molecules to those with less 
energy. Substances therefore alw^ays tend to equalise in temperature if they 
are in contact. 

18. CONDUCTION, CONVECTION, RADIATION. When a solid is 
heated the vibrations of the heated molecules are transferred to their neighbours 
by a kind of shoulder-jostling process. In a liquid or vapour the molecules 
transfer added heat to their neighbours by collisions. These forms of heat 
transfer by impact are called “ Conduction Materials vary greatly in the 
speed with which they will tiansfer heat by conduction. Solid metals are 
excellent conductors ; non-metals are poor conductors. liquids are generally 
worse conductors than solids, and gases or vapours are the worst conductors 
of all. 

There is a method by which liquids and gases can receive heat quite quickly 
in spite of being poor conductors. Nearly all substances expand or get bigger 
when heated, because their more energetic molecules demand more elbow-room. 
When a liquid or vapour is in contact with a hotter metal, the fluid molecules 
alongside the metal get speeded up almost instantly although they transfer the 
movement to their neighbours slowly. These more active molecules demand 
more room, the hot layer expands and is therefore lighter than the remaining 
fluid. The hot layer rises and cooler fluid flows in to replace it and is in turn 
brought into contact with the hot surface. This process is called “ Convection ” 
and is just a combination of short-distance conduction and movement. 

The molecules of a hot substance, in addition to transferring heat energy 
by molecular impacts, also have the property of transmitting energy as 
radiations across empty space. The sun’s energy reaches the earth by this 
means. From a steam user’s point of view radiation is of no importance as 
steam receives and gives up its heat by conduction and convection, although 
the boiler metal may receive heat by radiation and the steam pipe may give up 
heat by radiation. 

19. LAGGING. Gases are bad heat conductors and they absorb and transfer 
heat principally by convection. If a gas can be kept in contact with a hot 
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surface in such a way that convection cannot take place, heat transfer will be 
slow. Lagging materials, diatomite, cork, asbestos, hair, etc., entangle air and 
impede its convection movement. That is why they prevent a surface losing 
much heat. Some cheap lagging materials act more as non-conductors than 
as non-convectors. 

20* SATURATED STEAM. When vapour is at a temperature correspond¬ 
ing to the liquid boiling point appropriate to its pressure it is said to be 
“ Saturated When no liquid is present at that temperature it is called 
“ Dry Saturated 

21. SUPERHEATED STEAM. As long as Steam is in the presence of water 
it is impossible to raise the temperature of the steam above the appropriate 
boiling point. Any attempt to add more heat energy will simply vaporise more 
water. If heat is added to steam that is not in contact with water the steam 
molecules will become still more energetic and will jostle each other more 
rapidly. The temperature will rise ; the steam is “ Superheated Super¬ 
heated steam occupies more space than it did in the saturated state because the 
more active molecules drive each other farther apart. As explained in Section 9 , 
if the steam is confined in a closed vessel the extra molecular energy added in 
superheating will result in an increase of pressure. 

22. THE COOLING OF STEAM. Saturated Steam has only just sufficient 
energy to keep it in the vapour state. When it gives up heat to a cooler body 
some of it condenses and the condensing molecules give up all the potential 
energy that they took on as their extra ration when they overcame their liquid 
attraction. If superheated steam is cooled, the superheat must first be given 
up. Were some molecules to become liquid while others were superheated, the 
more active superheated molecules would goad the lazy liquid molecules back 
into vaporous activity. So that superheated steam must first part with its 
superheat before it can condense. 

23. WET STEAM. If saturated steam is in rapid turbulent motion through 
a pipe on whose surface some of it is condensing, some of the water may be 
swept along with the steam which then becomes a mixture of true vapour and 
liquid droplets. Steam in this condition is called “ Wet Steam There is 
another way in which steam can become wet after expanding in an engine or 
turbine. In this type of wet steam the moisture is much more finely divided and 
the steam is an extremely fine mist. 

Steam will also be wet if water drops or foam are carried out of a steam 
boiler with the steam. 

24. SUBMERGED BOILING. If heat energ>^ is added very fast to a liquid 
the added energy does not spread instantly throughout the liquid. Convection 
and conduction both take time. A group of molecules may therefore receive 
sufficient energy to exert a vapour pressure high enough to overcome the 
pressure acting on the liquid. They will therefore escape in the form of a 

bubble If the water is relatively cool these bubbles will condense as they 
rise and as they collapse they will make small sounds. The singing of a kettle 
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is simply the sound made by streams of tiny condensing steam bubbles. If the 
liquid is at boiling point the bubbles will get bigger as they rise until they 
break the surface with quite a different noise. 

25 . PRESSURE MEASUREMENT. We measure pressure as pounds per 
square inch. Assume we have a vessel 28 in. high with a cross section of 
5 in. X 2 in. Fill this vessel within a quarter of an inch of the top with water. 
It will hold a gallon, or 10 pounds. The base of the vessel has an area of 
5 in. X 2 in. or 10 sq. in. So we have 10 pounds pressing on 10 sq. in., or 
I pound per square inch (Ib./sq. in., or psi). We see from this that a column 
of water nearly 28 in. high exerts a pressure of i psi. 

26 . ATMOSPHERIC PRESSURE. All the molecules in the atmosphere are 
being drawn towards the earth by its gravitational pull, and the air near the 
earth’s surface is being pressed upon or bombarded by the molecules in the 
upper air. It follows that the air nearer the earth is at a greater pressure and 
i.s denser than the air in the upper regions. The upper air gets thinner farther 
from the earth until, about 500 miles up, we can say there is no more air. 
The combined effect of all these miles of air is that the air molecules at the 
earth’s surface are bombarding everything with a force of nearly 15 psi (actually 
14*690 psi at sea level in normal good weather). 

27 . PRESSURE GAUGES. When, at Christmas or other beano, we blow 
out the rolled-up flat tube of a paper tongue toy, we measure the pressure 
exerted by our lungs by the length which the paper tongue extends. The 
ordinary dial pressure gauge works exactly the same way. The steam or other 
pressure is led into the inside of a curved flattened tube which tends to straighten 
the greater the pressure. The pressure of the atmosphere is acting on the 
outside of the tube, tending to keep it flat and bent ; so that the pressure gauge 
really measures the amount by which the pressure being measured exceeds the 
atmospheric pressure. This pressure is called the “ Gauge Pressure ”. The 
real or “Absolute Pressure” is the gauge pressure plus the atmospheric 
pressure. So a gauge pressure of 15*3 psi.g. is an absolute pressure of 30 psi.a. 
and a gauge pressure of o psi.g. is an absolute pressure of 14*7 psi.a. 

28 . MERCURY GAUGES. A column of water nearly 28 in. high exerts a 
pressure of i psi. Mercury is about 14 times as heavy as water, so that a column 
of mercury about 2 in. high will exert a pressure of i psi. To exert a pressure 
equal to that of the atmosphere—14*7 psi—will require a mercury column 
about 30 in. high. The ordinary dial pressure gauge, working by means of the 
curved flattened tube, is not very satisfactory for measuring pressures below 
atmospheric. Such low pressures are better measured with a mercury column, 
made from a glass U-tube. If the U-tube has one end open and the other end 
connected to the vessel whose pressure is to be measured, the difference in 
heights of mercury in the two arms shows the difference above or below 
atmospheric pressure. 

If one arm of the U-tube is closed, and all the air is removed from the closed 
end, the pressure shown by the difference in heights of the two columns is the 
absolute pressure in “ Inches of Mercury ” (In.Hg.). If the pressure in the 
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vessel is above atmospheric pressure the vessel is said to be ‘‘ Under Pressure 
If the pressure is below atmospheric pressure the vessel is said to be ‘‘ Under 
Vacuum If we are measuring vacuum the mercury column may show 2 in. 
of absolute mercury pressure. In industry this is usually called 28 in. of 
vacuum—that is to say, the pressure is 28 in. less than atmospheric pressure. 
The mercury gauge is not convenient for measuring high pressures owing to the 
great height of mercury that would be needed. 

29 . THERMOMETERS. Nearly every substance expands as it gets hotter, 
but the amount of expansion for a given temperature rise differs greatly between 
substances. Solids expand less than liquids ; liquids expand less than gases. 
This property is used in most low-temperature thermometers. When a mercury 
in glass thermometer is heated the mercury expands more than the glass, so the 
mercury pushes its way up the tube and registers temperature by its height on a 
suitable scale. 

30 . TEMPERATURE SCALES — FAHRENHEIT. There are several 
thermometer scales. The scale in most general use in Britain is the “ Fahren¬ 
heit ” scale, and this is the scale used in this book. Fahrenheit was a German 
physicist who devised the mercury thermometer about 1720. His scale appears 
to us to be clumsy, having 32° as the melting point of ice and 212° as the boiling 
point of water ; but, with the means at his disposal, Fahrenheit is not to be 
blamed. He based his zero on the greatest cold he could get from a freezing 
mixture of snow and salt. This temperature he called o. As his hot point he 
took his body temperature which he appears to have called 12 degrees. He then 
seems to have divided his 12 main degrees into eighths like an ordinary foot-rule. 
Using this scale, with a body temperature of 96 small (eighth) degrees he gave 
the melting point of ice as 32°. At that time the boiling point of water was not 
known and was later found to be 212 small Fahrenheit degrees. Subsequent 
measurements, basing the Fahrenheit scale on a water freezing point of 32® and 
a water boiling point of 212°, gave a body temperature of 98*4®. 

31 . CENTIGRADE. The rise of temperature, on the Fahrenheit scale, from 
water freezing point to water boiling point is 212 — 32 = 180°. About 1740 
Celsius suggested that a more rational scale would be to use water boiling point 
as zero and water freezing point as 100. Linnaeus persuaded Celsius to reverse 
his scale and the “ Centigrade ” scale with water freezing point at 0° and water 
boiling point at 100° was made public in 1745. This scale is used for all 
laboratory and scientific purposes and is used in an increasing number of 
industries. 

32 . HEAT MEASUREMENT. Suppose we add equal quantities of heat to 
four vessels each containing an equal weight of one of four different liquids : 
water, alcohol, Pyrene ” and mercury. If the water is raised in temperature 
by 10° F., the alcohol will rise by 16^ F., the Pyrene ” by 50® F. and the 
mercury by 303° F. Clearly substances vary in their heat capacity and some 
rise in temperature much more for a given heat addition than others. So we 
cannot use temperature rise as a measure of heat addition without specifying the 
substance being heated. The standard unit of heat is the quantity of heat 
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needed to raise the temperature of one pound of water by F. at rooin 
temperature. This amount of heat-energy is called a British Thermal 
Unit ’’ or B.Th.U. or Blu. 

If the Centigrade scale is being used, the amount of heat needed to raise 
one pound of water by i° G. is the ‘‘ Centigrade Heat Unit ’’ or C.H.U. or 
Pound-Calorie i C.H.U. = i-8 Btu. 

Now the unit of heat, the Btu, cannot be measured directly on any kind of 
meter. If we had lo Btu this could either warm i pound of water lo degrees, 
or lo pounds of water i degree, or lOO pounds of water i/io degree. Conse¬ 
quently in order to measure Heat Flow or Heat Addition we must measure a 
change of temperature in a measured amount of material, and the amount of 
heat that the material can carry, absorb or give up must be known. 

33 . SPECIFIC HEAT. The amoun of heat that a substance can hold 
relative to water is called the “ Specific Heat ” and is the amount of heat in 
Heat Units needed to raise the temperature of one pound of the substance by 
one degree of temperature. The specific heats of the liquids just mentioned 
arc :— 


Water 

i-oo 

Alcohol 

.. -63 

Pyrene 

•20 

Mercury 

•033 


The specific heats are not constant but vary with temperature and pressure. 
The specific heat of steam at low pressure and moderate temperature is about 
half that of water. The specific heat is the same whether measured as Btu 
per °F. or C.H.U. per ""C. 

34 . THE STEAM TABLES. We are now in a position to understand 
everything in the Steam Table except Entropy, and Gibbs’ Function. 
Entropy is a somewhat obscure quality and refers to the availability of power 
energy in steam. It is generally only u ed by power engineers, but its proper 
understanding is of great help in all steam problems. It will be dealt with in 
Chapter 2. Gibbs’ Function is simply an arithmetical short cut and its use 
will also be described in the next Chapter. As far as heating is concerned, 
neither entropy noi Gibbs’ Function need be used. The remainder of this 
Chapter will be devoted to a study of the steam tables and the uses that can be 
made of the information they provide for solving all heating problems. 

Steam Tables arc given after the Appendix. Table I gives the properties of 
Saturated Steam; Table II the properties of Superheated Steam. The diagrams, 
Figs. I, 2 and 3, are drawn from the information given in Table I. Turn to the 
steam tables and study them. Get quite familiar with them. They will prove 
good friends. 

35 . PRESSURE AND BOILING POINT. The first three columns of the 
Saturated Steam Table show the water boiling points corresponding to various 
gauge and absolute pressures. It has already been explained (Sections 10-12) 
that high pressure calls for a high vapour pressure to permit boiling and this 
can only be obtained by a higher temperature. Low pressure only needs a low 
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vapour pressure to win the boiling battle, so that the temperature can be low. 
Fig. I is a curve, drawn from the Steam Table, showing the relation between 
boiling temperature and pressure over the low-pressure range. 

There are six ways in which advantage can be taken of this useful relation :— 

(1) The low temperature evaporation of delicate products. 

(2) The use of low-pressure steam for evaporation. 

(3) The multiple effect evaporator. 

(4) The steam accumulator. 

(5) Flash cooling. 

(6) Lowering boiler pressures. 

Some of these can be dealt with at once, but others must wait till we have delved 
deeper into the Steam Tables. 



FIG. I. VARIATION OF WATLR BOILING POINT V/ITH PRESSURE 


36 . LOW TEMPERATURE EVAPORATION. If, for some reason, it is 
necessary to boil a watery liquor at a low temperature, the Steam Table and 
Fig. I show that this can be done by boiling under vacuum. For example, 
milk consists largely of water and it is damaged by high temperatures. By 
boiling milk in a closed evaporator, whose outlet is connected to a condenser 
and vacuum pump, it is possible to concentrate it at about 25 in. vacuum, when 
the temperature can be kept below 140’' F.—to prevent destruction of vitamins. 

37 . USE OF LOW PRESSURE STEAM. Suppose we have process wash¬ 
ings to be evaporated and suppose there is a lavish supply of low-pressure steam 
in the form of, say, exhaust from pumps. Assume that hitherto the washings 
have been concentrated under atmospheric pressure using 20 psi.g. steam in the 
evaporator heating surface. The 20 psi steam must be condensing and giving 
up its latent heat to the heating surface at its saturation temperature which 
the Steam Table tells us is 259° F. The washings will be boiling at 212° F. 
There is therefore a 47° F. temperature difference across the evaporator heating 
surface. Suppose that, instead of using 20 psi steam we wish to use pump 
exhaust at atmospheric pressure with a temperature of 212° F. Low temperature 
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heat does not pass so readily through a heating surface as high temperature heat 
because the molecules do not vibrate so energetically at low temperature ; 
the shoulder-jostling process is not so vigorous. We must therefore arrange for 
a larger temperature difference across the heating surface. If we decide on a 
6o® F. difference, the washings must be made to boil at 212-60 = 152® F. 
The Steam Table tells us that we must, with the aid of condenser and vacuum 
pump, do the evaporation under a vacuum of about 22 in., when the boiling 
point of the water or washings will be 152® F. 

38 . MULTIPLE EFFECT EVAPORATION. Instead of using pump 
exhaust we might have used vapour off another evaporator. Such an arrange¬ 
ment can be made to use the heat in steam over and over again, each vessel 
receiving steam boiled off its predecessor which of course must be working at a 
higher pressure. This is called “ Multiple Effect Evaporation ” and is dealt 
with in Chapter 17. 

39 . LOWERED BOILER PRESSURES. The lower the steam pressure in a 
boiler the lower is the boiling temperature of the water. (It will be seen later 
that for heating and process purposes steam should be always used at the lowest 
possible pressure.) The lower the water boiling temperature the more easily 
will the heat from the furnace gases pass into the boiler. It will also be possible 
to extract more heat from the flue gases. The improvement will be very small, 
but it will be there and will be greater where no economiser is fitted. 

Care must be taken in reducing the working pressure of a water-tube boiler 
as the tubes may not be large enough to pass the greater volume of steam which 
a reduced pressure entails. Carry-over or priming might occur. The water 
circulation in the tubes may be so slowed down by the congestion due to the 
large volume of steam that the tubes may get overheated and fail. With any 
type of boiler a reduction of pressure may not be possible owing to steam pipes 
being too small. The volume columns in the Steam Table show that steam 
at 40 psi.g. has double the volume of steam at 100 psi.g. and that steam at 
100 psi.g. has double the volume of steam at 220 psi.g. Table III shows the 
amount of steam that can be expected to flow through pipes under various 
conditions. Any reduction of pressure that can be made should be made. There 
are other advantages in the boiler house apart from improved heat transfer. 
The lower the pressure the less the power needed by the feed pump. The lower 
the pressure the less total heat is needed for each pound of steam. (This is only 
true below about 450 psi ; above this pressure the reverse occurs.) 

40 . HEAT. The fourth, fifth, sixth and seventh columns in the Saturated 
Steam Table are the heat or energy values. The first heat column shows the 
heat needed to bring one pound of water from the freezing point to the boiling 
point corresponding to any particular pressure. In Section 12 it has been 
explained that higher pressure calls for a higher boiling temperature. To 
reach this higher temperature naturally requires more heat. This water- 
heating heat is the “ Sensible Heat ” of the liquid. 

The next column shows the amount of heat needed to vaporise completely 
one pound of water which is already at boiling point. This heat is the heat- 
energy necessary to enable escaping molecules to overcome their mutual 
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attraction and exist in a more open formation. If it is added to a liquid at 
boiling point it forces the molecules apart and makes them overcome their 
attraction for one another. It is called “ Heat of Vaporisation ” or ‘‘ Latent 
Heat This heat energy is the potential energy that must be given up during 
condensation. 


TABLE III. FLOW OF STEAM THROUGH PIPES 

Approximate Weight in Pounds of Dry Saturated Steam per Minute that will flow 
through 100 ft, of various Sizes of Piping with a loss of One Pound per Square 
Inch of Pressure : 


PSI.O. 

r 

r 


2* 

2r 


4" 


€r 

8-' 

10" 

12" 

5 

■1 

M7 

3-50 

7*4 

130 

20-7 

All 

75-0 

118 

247 

430 

717 

15 

WBSm 

1*42 

4*25 

9-0 

15-7 

25-0 

51-8 

91*3 

143 

300 

523 

875 

30 


1-67 

5*16 

10*8 

19-1 

30*3 

62*7 

no 

173 

362 

632 

1055 

45 

92 

1-97 

5*83 

12*4 

21-7 

34-7 


126 

198 

413 

722 

1203 

60 

100 

2-17 

6*50 

13-8 

24*2 

38*7 

79-7 

140 

221 

460 

803 

1340 

80 

113 

2-42 

7*16 

15*5 

27*2 

43-3 

89*2 1 

157 

247 

515 

900 

1500 

100 

1-25 

2-67 


16-9 

29-6 

47-3 

96-3 

172 

271 

565 

983 

1645 

120 

1-37 

2*92 

8-85 

18-6 

32*7 

52-0 

108 

188 

297 

620 

1083 

1800 

ISO 

1*48 

317 1 

9-50 

20-0 

35-3 

56-0 

116 

204 

322 

672 

1172 

1950 

200 

1-67 

3*67 1 

10*83 

22-9 1 

40-3 

64-2 

133 

233 1 

367 ! 

767 

1333 

2230 

250 

1-87 

400 

12*00 

25*3 

44*6 

71-0 

147 

258 i 

407 i 

847 

1475 

2470 

300 

200 

4-33 

13*00 

27-2 

47*6 

76-0 

157 

275 

433 1 

905 

1580 

2630 


(See Sections 171 to 174) 


The third heat column shows the sum of the first two—namely, the “ Total 
Heat ” needed to raise i lb. water from freezing point to boiling point and 
completely vaporise it into dry saturated steam. It is the total heat in steam 
because, as explained in Section 14, vaporising water molecules take both 
their energy rations with them. 

The last heat column is for use in the arithmetic of the use of steam for 
power purposes and is described in Chapter 2. 

41 . SENSIBLE OR LIQUID HEAT. If the specific heat of water were always 
I • o the figure for liquid heat would always be equal to the boiling temperature 
(or saturation temperature as it is often called) minus 32. But the specific heat 
rises with temperature and the simple relation does not hold good at high 
pressure. The change of specific heat with temperature can be seen by 
comparing boiling temperature with liquid heats :— 


Pressure 

Temp. 

Temp. 

Liquid 

psua. 

°F. 

minus 32 

Heat 

I -o 

loi ‘7 

69-7 

69-7 

q 

6 

193-2 

161 -2 

161-2 

100*0 

327-8 

295-8 

298-4 

1000*0 

544-6 

512-6 

542-4 


It will be seen that changes in the specific heat of water can be ignored at 
ordinary low process pressures. 
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Mistakes are frequent in water heat calculations due to failure to add or 
subtract 32. This is the chief disadvantage of the Fahrenheit scale. Such 
errors cannot occur with the Centigrade scale. Water at 69-7° C. contains 
69*7 C.H.U. 

1 his heat that must be added to a liquid to raise its temperature up to the 
boiling point can be detected by our senses as causing a rise of temperature. 
If we put our hand into water that is being heated our sense of warmth tells us 
it is getting warmer. If we put a thermometer into it our sense of sight tells us 
that the temperature is rising. So this liquid heat whose addition can be 
detected by our senses is called “ Sensible Heat 

42 . LATENT HEAT. The heat energy needed to overcome the liquid 
molecular attraction and cause water molecules to escape as vapour does not 
show itself as a rise of temperature. Our senses only perceive the change of 
state from liquid to vapour. Only our memory tells us that energy had to be 
added. This heat of vaporisation lies hidden in the steam as potential energy 
and is the*"efore called “ Latent Heat 

We see from the Table that as the pressure rises the amount of latent heat 
gets less, until, at a very high pressure it disappears altogether. At high pressures 
the vapour molecules are more tightly squashed together than at low pressures. 
If the pressure is raised sufficiently there must come a point where the volume 
occupied by the vapour is the same as that occupied by the liquid. This 
point is called the “ Critical Pressure ” and is 3,208 psi.a. for water. If at this 
critical pressure water and steam occupy the same space the molecules must be 
equally closely packed in both states. To effect vaporisation clearly does not 
call for any extra energ}^ ration because the vapour molecules are no farther 
apart than liquid molecules. At the critical pressure, therefore, as soon as the 
“ Critical Temperature ” of 705 *6*^ F. is reached, the water changes instantly, 
quietly and without “ boiling” into vapour. We have one pound of water 
at 705"^ F. one instant, and one pound of steam at 706° F. the next instant. 
There is no constant temperature boiling point while heat is being absorbed to 
effect evaporation. 

As the pressure increases therefore the amount of energy called for by 
escaping molecules must be less because their possible freedom, or distance 
apart, gets less the more tightly they are packed. 

At reduced pressure the difference between the space occupied by vapour 
and water molecules increases so that more energy is required to bridge the 
gap between liquid and vapour. Inspection of the volume columns of the 
Steam Table tells us that steam at atmospheric pressure occupies 1,600 times* 
the volume of water, whereas steam at 25 in. vacuum occupies nearly 9,000 
times the volume of water. Clearly a molecule escaping at 25 in. vacuum will 
require more energy to justify its escape into its larger “ lebensraum ”. 

♦ In 1764 James Watt measured the expansion of water into steam at atmospheric pressure 
and obtained an i8oo-fold volume increase. In the same year he measured the latent heat of 
steam at atmospheric pressure and found that it was “ exactly six times the heat needed to heat 
well water to 2i2“F.*' If Watt’s well w^atcr was at 50®F. his measurement of latent heat gave 
a figure of 972 Btu/lb. The latest figure, obtained 175 years later, is 971 Btu/lb. 
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There is therefore a simple explanation for the increase of latent heat with 
reduced pressure and for a lower latent heat at high pressure. 

43 . THE HEATING VALUE OF LOW PRESSURE STEAM. What can 
be done to make use of the fact that the latent heat of steam is greater tlie lower 
the pressure ? When steam is used inside a heating surface, coil, pipe or jacket, 
the steam condenses and gives up its latent heat. All the liquid or sensible heat 
remains in the condensate which is removed by the trap. The lower the pressure 
the greater the latent heat and the less the sensible heat. It follows that the 
greatest amount of heat can be obtained from the condensation of heating 
steam by using the lowest possible pressure. Where the heating surface drains 
slowly the condensate will sometimes give up some of its sensible heat. This is 
usually unintentional and it is generally due to bad design, insufficient fall, 
faulty trapping, etc., though occasionally a thermostatic trap is used to keep the 
heating surface partly waterlogged so as to use the sensible heat of the 
condensate. 

It will be seen from the Steam Table that steam at 20 psi.a. contains 5 per 
cent, more latent heat than steam at 65 psi.a. If therefore a plant could be 
adapted to use 20 psi steam instead of steam at 65 psi, we should use 5 per cent, 
less steam. As 20 psi.a. steam contains 2 J per cent, less total heat than 65 psi.a. 
steam 2| per cent, of coal will be saved in the boilers, giving a total saving 
of 7^ per cent. 

Fig. 2 shows the proportions of latent heat and sensible heat in low pressure 
steam, llie latent heat is showm below the sensible heat for diagrammatic 
clarity. Fig. 2 shows how’ much good heat is retained in the condensate at 
higher pressures. As a general rule sensible heat is not used in a heating surface 
because it requires special measures, more plant, etc. 



There may be many cases where advantage cannot be taken of this useful 
steam property, because the heating surface in the plant may be too small to 
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give a proper heat transfer rate. Some processes require a certain minimum 
temperature, the vulcanisation of rubber for example, and a sufficient pressure 
must be used to give such special temperatures. 

One disadvantage of very low pressures is the need for larger steam mains. 
The volume columns in the table show that steam at 20 psi.a. has more than 
three times the volume of steam at 65 psi.a. Table III shows that the steam 
flow at 20 psi.a. will be about half that at 65 psi.a. Such a reduction in pressure 
may therefore not be possible ; but any lowering of the pressure is a step in the 
right direction. 

44. FLASH. Suppose there is a vessel heated by a steam coil taking steam at 
50 psi.a. and suppose the condensate fiom the trap is piped to a condensate 
lank open to the atmosphere. 

TABLE V. FLASH FOR i lb. CONDENSATE 
COLLECTED AT 212 ° F. 


PRESSURE 

WEIGHT OF 
INPUT STEAM 

1 LATENT HEAT 

I GIVEN UP IN 

1 

1 WEIGHT OF I 

HEAT IN 

PSI.G. 

1 

DRY SATURATED 

• PLANT 

1 1 

FLASH 

1 1 

1 FLASH 

1 


LB. 

Btu. 1 

, LB. 

1 

Btu. 

5 

1-0161 

976-2 1 

1 -0161 

18-5 

10 

1-0294 

981-0 1 

-0294 

33-9 

15 

10410 

984 8 I 

‘0410 

47-2 

20 

1-0512 

988-2 i 

*0512 

58-9 

25 

1-0607 

991-3 

-0607 

69-8 

30 

1 0692 

994 0 

-0692 

79-6 

35 

1-0772 

996-3 

-0772 

88-9 

40 

1-0848 

998-5 

-0848 

97-6 

45 

1-0918 

1,000-3 

-0918 

105-7 

50 

1-0987 

1 , 002-2 

j -0987 

113-5 

60 

1-1109 

1,005-7 

•1109 

127-6 

70 

1-1226 

1,009-0 1 

1 -1226 

141-1 

80 

1-1334 

1 , 011-8 

•1334 

153-5 

90 

1 -1436 

1,014-4 

-1436 

165-3 

100 

1-1530 1 

1,016-5 

-1530 

1 

176-1 


Table I tells us that each pound of condensate (water) at 50 psi.a. contains 
250 Btu. 

Each pound of water at atmospheric pressure and boiling temperature 
contains 180 Btu 

The high pressure water (or condensate) therefore contains 70 Btu more 
than it can hold at atmospheric pressure. The molecules in the hot condensate 
from the trap are moving at such a speed as to exert a vapour pressure of 
50 psi.a., whereas in the condensate tank this is only opposed by a pressure 
of 14*7 psi.a. There will therefore be a great flash of fly-away molecules 
until the water energy has been so reduced that it can exert a vapour pressure 
no more than atmospheric pressure. The heat energy that each pound of 
condensate must get rid of in this way is 70 Btu. 
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The latent heat of steam at atmospheric pressure is 971 Btu. 

70 

It follows that = • 072 lb. of steam will flash off each pound of 

971 

condensate, i.e, 7*2 per cent. 

In addition to the 70 Btu of latent heat this flash steam will carry away 
180 X -072 = 13 Btu of sensible heat. 

Flash steam can be piped to an evaporator, calorifier or vat, or can be used 
for heating in a contact heater. 

Fig. 2 shows the amount of heat that will be liberated as flash if condensate 
is reduced to atmospheric pressure. It shows clearly how the latent heat rises 
and the flash drops with lowei pressures. Flash is good valuable heat and should 
not be wasted, but it is a nuisance and needs piping and plant for its collection. 
If steam can be used foi heating at or below atmospheric pressure, not only is 
there a bigger supply of latent heat than with pressure-steam, but there will be 
no flash to waste or collect. 

Fig. 3 shows the percentage of flash steam produced when the pressure on 
condensate is reduced. Table IV at the end of the book and Table V give 
figures for flash set out in different ways. 


GAUGE PRESSURE OF WATER AT STEAM TEMPERATURE - pSI 
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FIG. 3. AMOUNT OF FLASH STEAM FROM WATER AT SATURATION TEMPERATURES 


Suppose wc have condensate at 11 o psi.g. leaving a trap and discharging at 
atmospheric pressure into a flash tank. How much flash steam will be liberated ? 
In Fig. 3 the intersection of the no psi line and the atmospheric flash tank 
pressure curve (heavy line) occurs just below 14 per cent, flash. Table IV 
gives the flash under these conditions ais 13’94 per cent. 
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Sometimes the hot condensate can be returned under pressure to the 
boilers, when there of course no loss by flash and high pressure steam can 
then be used in heating surfaces with the advantage of a higher rate of heat 
transfer. Where arrangements can be made to collect and use the flash steam 
there is also no loss in using high pressure steam. However both these arrange¬ 
ments require more and special plant and their application is limited. High 
pressures mean high temperatures so that the heat losses will always be higher. 

The use of high pressure steam can only be justified if the process tempera¬ 
tures call for it. High pressure steam should, if possible, first pass through an 
engine and generate power, the exhaust steam then being used for heating. 

The collection of flash steam, the arrangement of flash tanks, and the 
utilisation of flash steam are dealt with in detail in Chapter 14. 

45 . STEAM ACCUMULATORS. Suppose wc have a steady demand for 
heating steam and wc have an engine working intermittently like a winding 
engine or rolling mill engine. Wc can store the exhaust steam from the engine 
in an accumulator by blowing the exhaust steam into water that is at a lower 
temperature than the saturation temperature of the blown-in steam. The 
steam will condense in the water, raise its temperature and the pressure will 
rise. By reducing the pressure on the water in the accumulator the stored 
energy will flash off as steam at a lower pressure. Suppose the accumulator 
contains 10,000 gallons of water at 240° F. corresponding to a pressure of 
10 psi.g., and suppose that the engine exhausts at 35 psl.g., 10 per cent, wet, 
at the rate of 30,000 lb./hour more than the process demands for two minutes 
and then stops for a few minutes. 

The water in the accumulator is 100,000 pounds at 240*^ F. containing 
208 Btu per pound. 

The total heat in the accumulator is 20,800,000 Btu. 

r,., 1 . , . 30,000 X 2 ,, 

Ihe surplus engine exhaust is — —- -- -- 1,000 lb. 

60 

This steam is 10 per cent, wet so that there will be 100 X 250 (the water 
heat at 35 psi.g.) plus 900 X 1,174 (the total heat of 35 psi.g. steam) = 
1,081,600 Btu in the exhaust. 

If this exhaust steam is bubbled into the accumulator water it will add 
its weight and its energy to that already there. 

There will be 101,000 pounds of water containing 21,881,600 Btu. 

Each pound will contain 216*6 Btu corresponding to a pressure of 14 psi.g. 

If the accumulator feeds a 10 psi.g. main each pound of water can give 
up 8 • 6 Btu or a total heat of 868,600 Btu. 

The latent heat of 10 psi.g. steam is 952 Btu so that the amount of steam 
flashed off the accumulator will be 912 lb. 

Steam accumulators are large, and, where high pressures are wanted, 
costly. A shell-type boiler, Lancashire, Cornish, Economic, Vertical, etc., acts 
as an accumulator if the pressure is allowed to fall when a rising load occurs, 
and to rise with a reduced load. An average Lancashire boiler working at 
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100 psi will store 320 pounds of steam if the pressure is allowed to rise to 110 psi. 
This corresponds to about three minutes normal boiler output. If, when a 
sudden demand for steam occurs, the pressure is allowed to drop from no psi 
to 90 psi, the boiler will give up an extra 630 lb. of steam in addition to its 
normal output. This is equivalent to over five minutes ordinary steaming. 
Spare Lancashire boilers can sometimes be adapted to act as accumulators with 
comparatively small modifications. (In 1943 a battery of four old Lancashire 
boilers was rigged up to act as an accumulator in a London factory. With a 
pressure range between 10 psi.g. and 40 psi.g. they have a combined storage 
of 24,000 lb. of steam.) 

Accumulators are discussed at length in Chapter 16. 

46 * FLASH COOLING. Suppose we have a dilute process liquid at 200® F. 
and suppose that the next process requires a temperature of 150° F. There 
may be a heat exchanger available, there may not. Heat exchangers are 
costly and they need a temperature drop across the heating (or cooling) surface. 
Another way of cooling is to spray the liquid into an empty vessel connected to 
a condenser and vacuum pump. 

If a 22|-in. vacuum is maintained in the vessel, the steam table tells us 
that the liquid must boil at 150° F. 

It will therefore fiash off its surplus heat and reduce its temperature from 
200° F. to 150^^ F. 

The steam table tells us that each pound of liquor must flash off 50 Btu. 

The latent heat of steam at 22i in. vac. is 1,008 Btu, so that = -05 lb. 

1,008 

of flash steam will be produced from each pound of liquor. 

This effects a 5 per cent, concentration of the liquor and, if the condenser 
takes the form of a contact heater, process water can be heated with the flash 
vapour, or space heating can be done. {See Chapter 14.) 

47 . SUPERHEATED STEAM. The superheat table shows the volume, total 
heat and entropy for superheated steam over a wide range of pressure and 
superheat. T he \allies at Saturation or boiling temperature are included for 
comparison. 

48 . WIREDRAWING. If the pressure on hot water is reduced, we have 
seen that any surplus heat is given up as self-evaporation or flash. What 
happens if the pressure on dry saturated steam is reduced ? Suppose we allow 
dry saturated steam at 150 psi.g. to pass through a reducing valve into a low 
pressure main at 50 psi.g. 

Saturated steam at 150 psi.g. contains 1,196-6 Btu/lb. of total heat. 

In expanding through the reducing valve the steam does no work so it 
still holds those 1,196-6 Btu. 

If we look up 50 psi.g. steam in the superheat table we see that 1,196*6 
Btu is the total heat of steam at 328® F. 
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The temperature of 50 psi.g. saturated steam is 298° F., so that the 
reducing, expansion, ‘‘throtding’’ or “wiredrawing’’ has added 30° F. of 
superheat although the actual temperature has fallen from 366° F. to 328® F. 

When steam, particularly wet steam, expands through a valve that is 
cracked open, it is very apt to score the valve seat with grooves that look as if a 
wire had been drawn through the valve—hence the name “ wiredrawing ” for 
the expansion of steam that does no work. Another explanation of the word 
‘ wiredrawing ’ is that steam passing through an orifice is like a wire being 
drawn through a die. 

This superheating by expansion only occurs to saturated steam below 
450 psi. At higher pressures there are other effects because the reduction in 
latent heat becomes more rapid than the increase in liquid heat. For example, 
saturated steam at 750 psi blown through a reducing valve gets wetter down to 
450 psi and then gets drier until at about 240 psi it is again dry saturated steam. 
If it is still allowed to expand it superheats itself. 

Steam used in a heating surface should not be superheated. Superheated 
steam is a dry gas and it parts with its heat slowly. This is discussed in 
Section 176. 

TABLE VI. SUPERHEAT DUE TO WIREDRAWING 

INITIAL APPROXIMATE SUPERHEAT IN "F. WHEN INITIAL STEAM BLOWN 

SATURATED DOWN TO PRESSURES PSI.G :— 

STEAM_ 


PRESSURE 
PSI.G 1 

2 

4 

1 6 

1 

8 

10 

15 

20 

25 

30 

35 

1 

40 

45 

50 

75 

100 

5 

6 

2 














10 

14 1 

10 

6 

3 












15 

22 

18 

14 

11 

8 



1 








20 

28 

24 

20 

17 

14 

6 










25 

34 1 

30 

26 

23 

20 

1 

12 










30 

38 

34 

30 

27 

24 

16 

10 

4 





1 



35 

42 

38 

34 

31 

28 

20 

14 

8 

4 







40 

46 

42 

38 

35 

32 

24 

18 

12 

8 

4 






45 

48 

44 

40 

37 

34 

26 

20 

14 

10 

6 

2 





50 

52 

48 

44 

41 

38 

30 

24 

18 

14 

10 

6 

4 




60 

58 

54 

50 

47 

44 

36 

30 

24 

20 

16 

12 

i 10 

6 



70 

62 

58 

54 

51 

48 

40 

34 

28 

24 

20 

16 

14 

10 



80 

66 

62 

58 

57 i 

52 

44 1 

38 

32 

28 

24 

20 

18 

14 

2 


90 

70 

66 

62 

59 

56 

48 I 

42 

36 

32 

28 

24 

22 

18 

6 


100 

74 

70 

66 

63 

60 

52 

46 

40 

36 

32 

28 

26 

22 

10 


120 

78 

74 

70 

67 

64 

56 

50 

44 

40 

36 

32 

30 

26 

14 

4 

140 

84 

80 

76 

73 

70 

62 

56 

50 

46 

42 

38 

36 

32 

20 

10 

160 

87 

83 

79 

76 

73 

65 

59 

53 

49 

45 

41 

39 

35 

23 

13 

180 

90 

86 

82 

79 

76 

68 

62 

56 

52 

48 

44 

42 

38 

26 

16 

200 

92 

88 

84 

81 

78 

70 

64 

58 

54 

50 

46 

44 

40 

28 

18 


Steam used for direct heating in a blower or injector often gets superheated 
by expansion in the blower and great losses can occur this way. If 30 psi.g. 
dry saturated steam is blown into a vat or tank containing 4 ft. 6 in. of liquor 
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there will be a pressure reduction in the blower of 28 psi and the steam 
will be superheated by 38® F. It is unlikely that 4 ft. 6 in. of hot liquor can 
possibly remove 38° F. of superheat and condense all the steam during its short 
passage through the liquor. Some steam will break the surface and be lost. 

Table VI shows the superheating effect of reducing the pressure on dry 
saturated steam by passage through an orifice or valve. 

49 . DESUPERHEATING. As pointed out above and explained more fully 
in Cl\apter 5, superheated steam is almost always bad steam to use for heating. 
It may therefore be necessary to ‘‘Desuperheat” it by passing it through a 
desuperheater which adds a spray of distilled water to the steam. The superheat 
gives itself up in evaporating some of the sprayed water. In the case considered 
at the beginning of Section 48, the amount of superheating energy was 17 Btu. 
This is to be removed by evaporating water in the desuperheater. If we assume 
that the desuperheating water is pumped into the steam at 200° F., it must 
first be heated to 298° F. the boiling temperature at 50 psi.g. before evaporation 
can begin. 

Sensible heat in water at 200° F. . . . . 168 Btu 

Sensible heat in water at 298® F. .. .. 267 Btu 

Difference 99 Btu 

Latent heat of steam at 50 psi.g. .. .. 912 Btu 

Therefore every pound of steam desuperheated will evaporate 

- 11 - = -0168 lb. of water. 

99 + 912 

This increases the weight of saturated steam leaving the desuperheater 
by 1-68%. 

50 . SUPERHEAT AND STEAM DISTRIBUTION. In certain circum¬ 
stances the superheat given to steam by reducing its pressure may be very 
useful. Steam is sometimes very wet. If this wet steam goes into the heating 
surface of a piece of plant the extra condensate is just a nuisance. It has little 
heating value, but it coats the heating surface with an additional water film 
and the extra water has to be handled by the trap, and the amount of flash 
steam is increased. 

If such wet steam can be expanded as soon as possible on its journey to the 
heating process, the superheat due to expansion will help to dry it. This 
increases the amount of steam reaching the process plant and, as the steam is 
at a lower pressure, it will have a higher latent heat. There may therefore be 
a two fold gain. 

* ♦ « 
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CHAPTER 2 


THE POWER PROPERTIES OF STEAM 

Power is more certainly retained by wary measurcs^ 
than by daring counsels. 

TAcmis. Annals, 115 

Chapter i described the effect of adding or subtracting heat energy to or 
from water or steam. It dealt only with steam as a heating tool. It made no 
mention of the mechanical power that steam can yield. 

This Chapter is concerned only with steam as a power-producing tool. 
The standard text books deal with the subject in an alarmingly mathematical 
way. Apart from a little simple arithmetic, no mathematics appear in this 
chapter. The result is that the explanation is long, but it is hoped that it is 
readable, whereas a shorter mathematical description might remain unread. 

51 * WORK AND ENERGY. Work is done when a force operates through a 
distance. Work may perhaps be better described if we say that it consists of 
overcoming a resistance over a distance. 

Energy is the capacity for doing work. Energy can be looked upon as 
existing in four forms :— 

Potential Energy. 

Mechanical Energy. 

Thermal (or Heat) Energy. 

Electrical Energy. 

Potential energy is energy^ of position either of bulk as in a high level lake, or 
of atoms or electrons as, say, chemical energy in coal. Mechanical energy is 
manifested by the movement of matei ial in bulk. Heat energy, as explained in 
Chapter i, is molecular energy. Electrical energy is the energy of movement 
of electrons. 

52 . ENERGY EQUIVALENTS. Potential energy in a lake can be converted 
into mechanical energy. Potential energy in coal can be converted into heat 
energy. Heat energy can be tiansformed, by means of an engine, into 
mechanical energy which can be used foi doing woik. It is impossible to 
convert potential energy into useful mechanical energy without some form of 
engine. If wc release the energy in coal we only get heat energy unless we 
interpose an engine. If we release the potential energy in a high level lake we 
cannot recover the mechanical energy without an engine, be it only a mill 
wheel. If a lake dissipates its potential energy in a waterfall, the energy is 
converted into heat energy and the water at the bottom of the fall will be 
warmer than at the high level. Mechanical energy can be converted into 
electrical energy by means of a generator or dynamo. Electrical energy can 
be converted back into mechanical energy by means of a motor, or direct back 
into heat energy by a radiator. 

There must obviously be definite relations between the different forms of 
energy. These relations were first measured by a Salford brewer, J. P. Joule. 
On his honeymoon in Switzerland he tried to find a waterfall high enough to 
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give him an accurate measurement. Actually his results were obtained in 
another way in the laboratory, and his figures, obtained 100 years ago, have only 
been slightly modified. The accepted figures are given in Table VII. 


TABLE VII. ENERGY EQUIVALENTS 


MECHANICAL 


THERMAL 


Mechanical equivalent of heat 


Foot-ton .. 
Foot-pound 


FOOT-POUNDS 


BTU 


C.H.U. 


778 

1,400 


2,240 

1 


10 

1-8 


•56 

1-0 


2*88 

*00129 


1*6 

•00072 


53 . POWER. Power is the rate of doing work or the rate of flow or use of 
energy. The normal electrical units, watts or kilowatts, are actual power 
units ; they express the flow of electrical energy. The equivalent electrical 
energy units are the watt-hour or the kilowatt-hour. Mechanical or thermal 
energy units have no reference to time so that mechanical or thermal power 
units must be energy units per unit of time ; i.e. foot-pounds per second, 
per minute, or per hour ; or Btu per second, per minute, or per hour. 


TABLE VIII. POWER EQUIVALENTS 



MECHANICAL 

THERMAL 

ELECTRICAL 


FT. LB./SEC. 

FT. LB./MIN. 

FT. LB./HR. 

btu/hr. 

c.h.u./hr. 

WATTS 

1 horse-power 

550 

33,000 

1,980,000 

2,545 

1,414 

746 

1 kilowatt .. 

738 1 

44,250 

2,655,000 

3,415 

1,897 

1,000 


54 . MEASUREMENT OF STEAM POWER. When a steam engine does 
work, that work takes the form of a force (in pounds) operating through a 
distance (in feet) and the work done is measured in so many foot-pounds per 
minute or per hour. In a reciprocating engine this work is clearly the force in 
pounds acting on the piston over the distance of the stroke in feet times the 
number of strokes in a given time. But a turbine is more diflScult. What is 
the force acting on each blade ? Over what distance does it act ? It would be 
useful to find a measuring rod that could be applied equally well to reciprocators 
or turbines. Of course the actual work done can only be found in either type 
of machine by measuring the output by means of a brake or by reading the 
instruments attached to an electric generator. But for considering the theory 
of how best to turn heat energy into work we want some good common lay-out. 
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A pictorial presentation of things is greatly preferable to windy explanation 
or a string of algebra. In Section 52 we saw that Joule found for us the rate of 
exchange between the energy units, so that our picture need not necessarily 
portray foot-pounds ; it can just as well be in Btu. In fact as the steam engine 
or turbine is a heat engine—that is a machine for converting heat energy into 
mechanical energy—it would be appropriate if the picture were to show heat 
units—Btu—as its area. 

Before discussing how this picture is to be constructed a few points need 
clearing up. 

55 . EFFICIENCIES. The efficiency of an engine is given by expressing the 
heat energy converted into work as a percentage of the total heat energy put 
into the engine. This is called the THERMAL EFFICIENCY. 

The efficiency of a steam cycle is the amount of heat energy that a perfect 
engine could convert into work expressed as a percentage of the heat energy 
put into the steam. Rankine was the first man to explain this idea, hence this 
is called the RANKINE EFFICIENCY, BASIC EFFICIENCY, IDEAL 
EFFICIENCY or CYCLE EFFICIENCY. 

The amount of work actually done by an engine expressed as a percentage 
of the theoretical expected work from a perfect engine is called the EFFICI¬ 
ENCY RATIO. 

We want to find the conditions which will give us a cycle which has the 
highest possible Rankine or cycle efficiency and which is such that we can 
construct an engine working on that cycle with the highest possible efficiency 
ratio. We shall thus get the highest possible thermal efficiency. 

56 . TEMPERATURE AS A BASIS. A steam engine or turbine is a heat 
engine which turns heat into work. The measure of the potential of heat is 
temperature. The greatest amount of work can be got out of an ideal engine 
when the input temperature is as high as possible and the exhaust is as cool as 
possible. So we should make a picture which shows energy, heat or work as 
its area and which is based on temperature. 


57 . ABSOLUTE TEMPERATURE. If temperature is to be the basis of the 
diagram, the temperature scale must be the correct scale. Fahrenheit took the 
temperature of a mixture of snow and salt as his zero. Celsius took the freezing 
point of water as the zero for the Centigrade scale. We all know that in Russia 
or Canada, or at 30,000 ft. in an aeroplane anywhere, temperatures much 
below these zeros are met. 

It has been found by numerous experiments that gases expand and contract 
when they are under constant pressure by an exact and unchanging amount 
for any particular temperature change. 

This amount is JL for 1° F. change at 32° F. 

492 

Suppose we have 492 cu. ft. of any perfect gas at 32° F. 
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If the gas is cooled under constant pressure by F. to 31® F. the volume 
will contract to 491 cu. ft. 

If the temperature of the gas is reduced to 0° F., keeping the pressure 
constant, the volume will contract to 460 cu. ft. ' 

This holds good for all so-called perfect gases over the range that experiment 
permits. The only possible conclusion is that at —460® F. any penect gas at 
any pressure will have no volume. Actually, of course, at very low tempera¬ 
tures gases behave in anything but a perfect manner ; they liquefy or solidify 
—^which is perhaps just as well for the theory which might otherwise get into 
difficulties. There are other considerations which point to —460® F. as being 
the lowest possible temperature or ABSOLUTE ZERO. It has been explained 
in Chapter i that gases consist of molecules in motion. The hotter the gas, the 
more violent the motion. It can be proved theoretically that this motion would 
cease at —460° F. So our diagram will be based on a temperature scale starting 
at —460® F. and will be an “ Absolute Temperature ” scale. The area on the 
diagram will be energy in Btu. 

58 . CONSTRUCTION OF THE DIAGRAM. We will now construct the 
diagram. The description is long, but is quite elementary and easy to follow. 



FIG. 4. CONSTRUCTION OF STEAM POWER DIAGRAM 

Set up a vertical scale. Fig. 4, from — 460® F. to say + 1000® F. 
A convenient skeleton diagram will be obtained if we use a scale of 250® F. 
to the inch and 200 Btu to the square inch. (The diagrams here arc much 
smaller than this.) 

At point A the water is about to freeze and is considered to have no heat 
content. (This of course is not true—see Section 794. Freezing water or ice 
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or anything above —460° F. has a heat content, but ice is no use in a heat 
engine, so water at freezing point is taken as the starting point and is considered 
to have no heat.) 

Now the diagram is to show the properties of i lb. of water and/or 
steam. If we add 180 Btu to i lb. of water at 32° F. under atmospheric 
pressure we shall raise the water to boiling temperature of 212° F., point 
B in Fig. 4. 

We know the height of point B, but we want to know the distance a b 
such that the area A B b a will be equal to 180 Btu. 

A rectangle of area equal to A B b a will have a height half way between 
A and B, or 122° F. 

So the height of the equivalent rectangle will be 122 + 460 = 582° F. Abs. 

As each inch is equal to 250° F., the height of the rectangle will be 
2-328 in. 

As each square inch of area is to represent 200 Btu, 180 Btu will be 
equivalent to -9 sq. in. 

The width a b will be • 387 in. 

Wc can now fix point B at 212° F. and -387 in. to the right of A a. 

To vaporise i lb. of water at 212® F, under atmospheric pressure requires 
the addition of 971 Btu of latent heat. This takes place at constant temperature, 
so it is represented by the rectangle B C c b. 

The height is 212 + 460 = 672® F. Abs. or 2-688 in. 

The area of 971 Btu will be 4-85 sq. in. 

Therefore the width b c will be - = i - 804 in. 

2-688 ^ 

This gives us point C. 

Line ABC represents the state of i lb. of water during the absorption of 
1,151 Btu of heat energy which changes it from water at freezing point into 
saturated steam at atmospheric pressure. 

If we repeat this performance at higher pressures, and consequently higher 
temperatures, we get lines A B^ C^, A Bg Cg, etc. Each of these lines shows the 
effect of adding heat energy to freezing water and completely vaporising it at 
various pressures and their corresponding temperatures. All the necessary 
figures are in the saturated steam tables. 

Area A B b a represented the addition of a relatively large amount of heat 
and we took A B as being a straight line. Actually line A B B^ Bg, etc., must be 
curved because the temperature increases caused by adding equal amounts of 
heat become gradually smaller as the temperature becomes higher. The actual 
curve can be found by taking a large number of small heat additions. 

At 705-6® F. at a pressure of 3,208 psi.a. latent heat disappears, as explained 
in Section 42. This is the “ Critical Point and is shown as point X. 

In this Chapter almost all the pressures used in the discussion are absolute, 
not gauge pressures. The reason for this will be found later. 
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59 . BOUNDARIES. We can now draw a curve through A B Bj^ Bg B3 B4 X 
C4 C3 C2 Cj C. This is called the “ Boundary Curve ” and is shown in Fig. 5. 
Every point underneath the curve represents a water-steam mixture at a 
particular temperature and pressure. This part of the diagram is called the 
Wet Region. The left-hand part of the boundary curve A B B^ Bg B3 B4 X in 



Fig. 4, shows the boiling points of water corresponding to various pressures, and 
is called the Water Line. The right-hand part of the curve, Fig 5, represents 
the slates of dry saturated steam at various pressures and is called the Saturation 
Line. All the points to tlie right of the saturation line represent the states of 
steam containing more heat energy than in the saturated state. Such steam 
must therefore be superheated. This part of the diagram is called the Super¬ 
heat Region. The area to the left of the water line represents water at high 
temperature yet containing insufficient heat to be at boiling point. Water in 
this area must be at a pressure above the boiling pressure corresponding to the 
temperature. This area is called the Water Region. 

Fig. 4 shows that the heat in steam at high temperature occupies a taller 
narrower area than the heat in steam at lower temperatures. The energy is more 
concentrated, it is not so spread. Every heat addition at higher temperature 
is a taller thinner slice. 

60 . SUPERHEAT. Point B in Fig. 4 shows the state point of water after the 
addition of 180 Btu of sensible or liquid heat. Point C' represents the state 
point of steam after the addition of 180 Btu of superheat to diry saturated steam 
at G. 

The steam table tells us that steam containing 180 + 970 + 180 = 1,330 
Btu per pound at atmospheric pressure will have a temperature of 590® F., so 
that fixes the height of point G'. 


( 66233 ) 
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The rectangle of area equal to C C' c' c will have a height of 
(590 + 4 &»+Ja.. + 46 °) ^ j 


The additional area is 180 Btu or *9 sq. in. so that the width or spread 
c c' will be 


3-45 


*261 in. 


So point C' is on the 590° F. line and its distance from A a is 
•387 + 1-804 + ‘261 = 2-452 in. 


This of course shows C C' as a straight line. It is actually a curve tending 
towards the vertical for the same reason as the water line curves, and its shape 
can be found by taking sufficiently small heat additions. 


61 . PRESSURE LINES. The foregoing sections, 58-60, have shown how a 
pressure line, for example atmospheric pressure, can be drawn in. By taking 
the values for various pressures from the steam tables we can draw in as many 
pressure lines as are convenient. Some of these are shown in Fig. 6, including 
some below atmospheric piessurc. 



62 . HEAT ADDITION AT HIGH AND LOW PRESSURE. It is very 
interesting to compare the raising of steam at high temperature and pressure 
with the addition of heat at low temperature and pressure. Let us raise steam 
at 1,325 psi.a. and superheat it. Let us do this by adding instalments of 59 
Btu at a time. See Fig. 7. At 1,325 psi.a. the sensible heat is 590 Btu and 
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the latent heat is also 590 Btu. Let us then add 3 59 ~ ^77 of super¬ 

heat. The total heat added will have been 590 + 590 + 177 == i ,357 
As the heat is being added in 59 Btu instalments there will be 23 instalments 
which appear on the diagram as vertical strips. It will be seen that the 
higher the temperature at which the heat addition is made, the narrower is 
the strip—the less the energy is spread. 



FIG. 7. HEAT ADDITION AT HIGH TEMPERATURE AND PRESSURE 


800 -j 



FIG. 8. HEAT ADDITION AT LOW TEMPERATURE AND PRESSURE 
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Now let US raise steam at 22J in. vacuum, Fig. 8. The sensible heat 
required is ii8 Btu, the latent heat is i,oo8 Btu and the total heat at 
saturation is 1,126 Btu. If we add the same amount of heat as in Fig. 7 
we must add 1,357 — 1,126 = 231 Btu of superheat. The heat is added, as 
in Fig. 7, in instalments of 59 Btu. Comparison of Figs. 7 and 8 shows 
how much .wider are the heat addition strips in Fig. 8 and how the whole 
diagram is spread to the right. In each of Figs. 7 and 8 the pressure line for 
the other diagram is shown dotted for comparison. 

In Fig. 7 we produced superheated steam at 1,325 psi—fine, powerful 
stuff. In Fig, 8 the steam contains exactly the same amount of heat energy, 
but the heat is spread over the huge, tenuous volume of 22 • 3 in. vacuum vapour. 
Although this vapour is superheated to nearly 650° F. it has very little virtue. 
It is very clear that when we add heat to steam for power purposes we should 
add the heat in as concentrated a form as possible—^we should keep the spread 
to a minimum. 



FIG. 9. QUALITY LINES-PER CENT. DRYNESS AND CONSTANT SUPERHEAT 

63 . HEAT SUBTRACTION. When heat is added to steam or water it is 
added to the diagram in the form of vertical slices clapped on to the right- 
hand side of the diagram. When steam or water is cooled, the heat is taken 
away in vertical slices from the right-hand side of the diagram. Superheat 
must be removed before condensation can take place, as explained in Section 
22, and Figs. 4, 7 and 8 show that this entails taking slices off the right-hand 
side of the diagram. When the superheat has been removed further cooling 
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takes vertical strips off the right-hand side of the picture and is the exact 
opposite of the heat addition shown in Figs. 7 and 8. Such strips represent 
the removal of latent heat and cause condensation, the amount of which 
can be measured as wetness along the horizontal evaporation pressure line. 

64 . WETNESS LINES. In Fig. 7 we added ten strips of heat between 
B and C, each of 59 Btu, to vaporise completely i lb. of water at boiling point 
at 1,325 psi. Each strip must have evaporated 10 per cent, of the water. 
So that after adding nine strips we must have had 90 per cent, steam and 
10 per cent, water. By dividing each horizontal pressure line (that is that part 
of the line where evaporation only is taking place) into ten parts and joining the 
corresponding points on each pressure line we can get lines of constant wetness 
or constant dryness, whichever we like to call them. These quality lines are 
shown in Fig. 9. 

65 . SUPERHEAT LINES. By measuring off equal temperature rises along 
the pressure lines in the superheat region, these points can be joined by curves 
which are lines of constant superheat. Some are shown in Fig. 9. 



FIG. 10 . PLOTTING TOTAL HEAT LINES 


66. TOTAL HEAT LINES. Every point on the diagram shows the State of 
steam containing a particular amount of heat energv at a oarticular pressure. 
This heat energy is represented by the area below the constant pressure line on 
which the point lies. There must be many points on the diagram which have 
the same total heat value ; for example, points C' on Figs. 7 and 8 each 
represent superheated steam containing 1,357 but in very different state 
otherwise. 
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Suppose we wish to draw in the line passing through all the state points 
where the steam contains 1,200 Btu/lb. The saturated steam table tells us that 
dry saturated steam contains 1,200 Btu at 208 psi.a. and at 785 psi.a. These 
arc shown on Fig. 10 as points A and B. The superheat table tells us that steam 
contains 1,200 Btu at the following temperatures and pressures in the super¬ 
heat region:— 

I psi.a., 309® F., point C. 

25 psi.a., 319° F., point D. 

1,500 psi.a., 617° F., point E. 

3,000 psi.a., 753° F., point F. 

Lines can be drawn for total heat in the wet region thus : Assume we wish 
to draw the 900 Btu line. Inspection of the steam table shows that in no 
condition has dry saturated steam as little as 900 Btu. All the points on the 
900 line must therefore indicate a mixture of water and steam. 

The sensible heat of water boiling under i psi.a. (28 in. vac.) is 69*7 Btu. 

The latent heat of steam at this pressure is 1036-3. 

Therefore the latent heat in i lb. of steam-water mixture containing 
900 Btu is 900 — 69 • 7 = 830 • 3. 



FIG. I 1. TOTAL HEAT LINES 


The amount of steam in the mixture must be —^ ^ = 0*8 lb. or 
80 pet* cent, steam. 103 ®’3 

This is shown as point Z in Fig. lo. 
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At 100 psi.a. the sensible heat is 298*4 and the latent heat is 889*6, so 
that the 900 Btu total heat point will consist of 

or 67 • 6 per cent, steam. 

009 * o 

This is point Y in Fig. 10. 

Similarly point X is found to be 55 per cent, steam at 1,000 psi.a. 

The 1,200 Btu line can be completed between points A and B in a similar 
way. Point G shows the 1,200 point at 450 psi.a. corresponding to 99*4 per 
cent, dryness. Any desired total heat lines can thus be drawn, and some of these 
are shown in Fig. 11. It will be seen from line FEBGADGin Fig. 10 
that saturated steam has a maximum total heat (nearly 1,206) at 450 psi.a. 



FIG. 12. VOLUME LINES 

67 . VOLUME LINES. The steam tables show the volumes occupied by 
steam and water under various pressures and temperatures. It is therefore 
possible to draw lines of constant volume on the diagram ; for example, lines 
showing all the states where steam and/or water occupy i *0 cu. ft. or 10 cu. ft. 
or 100 cu. ft. Suppose we wish to find the point where the volume is i cu. ft. 
at 100 psi.a. The steam table tells us that i lb. of water at 100 psi.a. occupies 
•0177 cu. ft. and that i lb. of saturated steam occupies 4*432 cu. ft. Clearly 
the desired state will be one where there is about 1/5 steam and 4/5 water. 

Let X = dryness fraction. 

Then 4*432 ;r + *0177 = i. 

Whence x ^ • 221 or 22 * i per cent dry. 
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This is shown as point o in Fig. 12 which shows a number of the constant 
volume lines. The points for the volume lines in the superheat region can be 
found in the superheat table. 

68 - THE COMPLETE DIAGRAM. We can now superimpose all the lines 
shown in Figs. 5, 6, 9, ii and 12 on one picture which will thus show all the 
properties of steam and water and is shown in Fig. 13. Had we approached this 
diagram from the start we might well have been dismayed by its complexity. 
All the properties of steam at any state can be read off the diagram, but, what 
is much more important, we can see exactly what happens when we make 
steam change its state in any particular way—if we change its pressure or 
volume by compressing it or letting it expand ; if we change its temperature 
or heat content by cooling it or heating it, or by doing work on it or taking 
work out of it. 

A good complete diagram is contained in “ The Thermodynamic Properties 
of Steam ” by Keenan and Keyes—sec Section 805. 

69 . CONSTANT PRESSURE CYCLE. Let US now carry out certain 
imaginary operations and see what happens. Let us assume that we possess 
the curious piece of apparatus shown in Fig. 14. This consists of a tall vertical 
cylinder containing an engineer’s dream—a weightless, frictionless, leak-proof 
piston. In the bottom of the cylinder is i lb. of water on which the piston 



FIG. 14. IMAGINARY STEAM CYLINDER 

is resting. The area of the piston is 1 sq. ft. or 144 sq. in. The bore of the 
cylinder will therefore be just over 13J in. 

The pressure of the atmosphere, 14-696 psi is acting on the piston top 
producing a load on the water of 2,116 lb. Let us place a weight of 12,284 
lb. on the piston. The total load resting on the water is therefore 14,400 lb. 
or 100 psi. Let us assume that the water is at a temperature of 212° F. 

Let us put a source eff heat—a portable fire—^under the cylinder and heat 
the water. The boiling point of water at 100 psi.a. is 328® F. and such water 
contains 298 Btu of sensible heat. The water at 212® F. already contained 
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l8o Btu so that we had to add 298 — 180 =118 Btu to raise the water to its 
100 psi boiling point. This operation is shown in Fig. 15 as a movement 
of the state point from A to B by the addition of heat area A B b a. 

Continued addition of heat evaporates the water at 100 psi along line B C. 
As soon as evaporation starts the piston will begin to rise in the cylinder. 
Complete evaporation requires the addition of 889 Btu and is shown as area 
B C c b. The steam table tells us that the volume of i lb. of saturated steam 
at 100 psi.a. is 4*432 cu. ft. So that the volume has increased from '0167 
cu. ft. (the volume of i lb. of water at 100 psi and 212° F.) to 4*432 cu. ft. 
As the cylinder has a cross section of i sq. ft. the piston will have risen 
4*432 — *0167 == 4*4153 ft. or 4 ft. 5 in. It has overcome a resistance of 
14,400 lb. over the distance of 4 ft. 5 in. and therefore the heat addition which 
has changed the water into steam at 100 psi has done work equal to 
14,400 X .4*4153 == 63,580 ft. lb. 

Now remove the fire and cool the cylinder. Condensation will commence 
and the piston will fall. The state point on Fig. 15 will move from G towards B. 
When 889 Btu have been removed, the state point will have moved back to B, 
and the piston will be resting on i lb. of water at 328° F. Further cooling will 
remove the sensible heat until, when 118 Btu have been removed, the state 
point will be back at A and the cycle will have returned to its starting point. 
All the work done in raising the weight 4 ft. 5 in. has been dissipated by allowing 
heat rejection to take place at the same pressure as the heat addition. Clearly 
such a constant pressure cycle is useless for the production of power. 



FIG. 15. CONSTANT PRESSURE CYCLE 


70* VARYING PRESSURE CYCLE. Let us repeat the experiment making 
two small modifications to the apparatus. Fix a stop in the cylinder to limit the 
piston travel to 4 ft. 5 in., and provide a chain with a hook on the end of it 
above the cylinder in such a way that the weight can be attached to the hook. 
Now add heat as before to the water in the cylinder at 212® F. until it is all 
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vaporised at lOO psi.a. The piston will rise 4 ft. 5 in. overcoming a resistance 
of 14,400 lb. The heat addition is area A B C c a/in Fig. 16 and is 118 Btu 
of sensible heat + 889 Btu of latent heat == 1,007 Now let us hook the 

weight to the chain, pull the chain taut, and secure it. The chain does not yet 
actually support the weight as this is held in position by the 100 psi pressure of 
the steam inside the cylinder. Now remove the fire and cool the cylinder. 
Condensation will start, the pressure will drop and an increasing proportion of 
the weight load will be taken by the chain. This process will continue until 
the amount of heat removed brings the pressure in the cylinder down to 
atmospheric pressure, and the chain will be carrying the whole of the load of 
the weight. The piston is, however, still in contact with the weight, because the 
pressure below the piston is the same as that above it, namely atmospheric 
pressure and We have assumed that the piston has no weight of its own. Under 
these conditions all the heat so far rejected has been lost at constant volume. 
The state point must, therefore, have been travelling back along the constant 
volume 4*432 cu. ft. line C D towards D in Fig. 16. Continued cooling of the 
cylinder will tend to drop the pressure below atmospheric, but as the atmosphere 
is acting on the top of the piston, it pushes it down so as to maintain the pressure 
inside the cylinder equal to that outside. Consequently this part of the process 
must be taking place at constant pressure, along line D A. The piston will fall 
until condensation is complete at atmospheric pressure when the piston will be 
resting on i lb. of water at 212® F., and we are back at our starting point. 
But—the weight is hanging on the chain 4 ft. 5 in. higher than it was at the 
start of the cycle. 



Now the heat input was area A B C c a = 1,007 

The heat rejected was area C D A a c, which we can measure either with 
a planimeter or by splitting into rectangles and triangles or by counting 
squares ” if our diagram has been drawn on squared paper. 
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We find, by the latter method, that it is equal to 937 Btu. 

We have therefore used 1,007 “* 937 = 7^ Btu to raise a weight of 
12,284 lb. by 4 ft. 5 in. 

This is shown in Fig. 16 as area A B C D. 

The work done, and stored in the hanging weight, is 12,284 X 4 ft. 5 in. = 
54,238 ft. lb. 

Now we see from Table VII in Section 52 that 778 ft. lb. = i Btu so that 
70 Btu will equal 54,460 ft. lb. A good agreement, which showed that we 
measured our area well. 

The total heat input was 1,007 ®tu. 

We did useful work equivalent to 70 Btu. 

So this cycle has a Rankine or cycle efficiency of 7 per cent. 

71 . EXHAUST TO ATMOSPHERE. In the cycle just described in Fig. 16 
the heat was rejected by cooling the cylinder and compelling the state point 
to move along the path G D A. Had we simply blown the exhaust to atmosphere 
we should still have rejected the same amount of heat, area A D C c a, but 
instead of being left with water at 212° F., point A, we should have blown 
away our hot water containing 180 Btu (the strip to the left of A a) as well. 

72 . HEAT REJECTION PATH. Heat can always be regarded as being 
rejected from an engine along the constant volume line down to the exhaust or 
back pressure, and then along the back pressure line to the water line, and then 
down the water line if the water is rejected as well. 

73 . REVERSIBLE CYCLES. Let US return to our cylinder which we left at 
the end of Section 70, with the weight hanging 4 ft. 5 in. above the piston which 
is resting on i lb. of water at 212° F.—point A in Fig. 16. Without touching 
anything let us apply heat to the cylinder. As the water is at atmospheric 
pressure and at 212° F., evaporation will start at once and the piston will rise. 
The first part of the evaporation will be done at constant (atmospheric) pressure 
because there is no weight on the piston except the pressure of the atmosphere. 
The state point will move along A D, Fig. 16. At point D the piston will have 
risen 4 ft. 5 in. and will be in contact with the weight. Continued evaporation 
will take place at constant volume and the pressure will rise so that an increasing 
amount of the load of the weight will be borne by the piston. When all the 
water has been evaporated the pressure will have become 100 psi.a. ; the state 
point will have moved up the constant volume line from D to C, and the whole 
of the load of the weight will now be carried by the piston. Now unhook the 
weight from the chain. The weight will not drop, as there is sufficient pressure 
below the piston to sustain it. Remove the fire and cool the cylinder. Heat 
rejection must take place at the constant pressure of 100 psi.a. under the pressure 
of the weight and of the atmosphere, and the state point will move along the 
constant pressure line from C towards B. When all the 889 Btu of latent heat 
have been removed (area C B b c) the piston will be resting on i lb. of water 
at 328® F., point B. Continued cooling will remove sensible heat from the 
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water, ii8 Btu, and the state point will have returned to the original position 
at A of water at 212® F. 

We added heat area A D C c a which we know is 937 Btu. We allowed the 
potential energy in the weight to act on the steam and become mechanical 
energy and so do work of compression equivalent to 70 Btu. We rejected, by 
cooling, area A B G c a = 1,007 Btu. 

Input Heat 937 + Work 70 = Rejected 1007. 

By adding 70 Btu of mechanical energy of compression to 937 Btu of heat 
energy we produced (for rejection) 1,007 Btu. In Section 70 we showed that by 
expansion from water we could capture 70 Btu for work from the addition of 
1,007 Btu, but that we had to reject 937 Btu. 

Input Sensible Heat 118 + Latent Heat 889 = Work 70 + Rejected 937. 

We see therefore that the cycle is reversible. Now it is only possible to get the 
maximum amount of mechanical work out of heat energy if a reversible process 
is used. 

The more neatly the process is to being completely reversible, the more 
power can a given amount of energy yield. Contrariwise, the more irreversible 
the process the more power is irretrievably wasted. 

The difTercnre between a reversible process and an irreversible process is 
sometimes ol^scure. A steam engine and boiler is a combination of reversible 
and irreversible processes. The engine can work on a reversible cycle, but the 
boiler is irreversible. By pumping steam into the boiler by reversing the engine 
we cannot by any conceivable means produce a fire ! A rocket works on an 
irreversible plan. A mill wheel is reversible, but a waterfall is irreversible. 
Nothing can possibly make water climb up a waterfall. If, however, the water 
falls inside the buckets of a water wheel, a drum on the wheel spindle can be 
made to wind up a weight. If the weight is allowed to fall, it will turn the wheel 
the wrong way and the buckets will scoop up water and lift it to the level of the 
mill pond. 

74 . IRREVERSIBLE PROCESS. Ina steam boiler we generate steam under 
constant pressure although the boiler has a constant volume, because the steam 
as it is generated is piped off for use. Let us take a pound of 100 psi.a. steam 
which has been raised in a boiler from water at 212® F., along line A B C in 
Fig. 17. It is at state C occupying 4*432 cu. ft. and contains 1,188 Btu. Blow 
this steam into a completely empty vessel which has a volume of 30 cu, ft. 
The pressure will drop, the volume will increase, but there has been no change 
of energy. The steam has only done work on itself by expanding itself. If the 
vessel is assumed to be perfectly lagged, all the 1,188 Btu are still there, so the 
state point must have moved along the constant total heat line from G to G' 
on the 30-cu. ft. volume line. The diagram shows that this point is at atmos¬ 
pheric pressure. Inspection of the steam table will confirm that the only state 
of steam containing 1,188 Btu and occupying 30 cu. ft. is at atmospheric 
pressure superheated to 289® F. 

We put in heat equal to area A B G c a. We have done no work. We have 
rejected nothing. By useless expansion we have increased the spread from c to c\ 
Area A y G' c' a area A B G c a. As area A x c a is common 
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to both, area A B G x must equal area x y C' c' c. By useless expansion 
we have taken the horizontal energy slice A B C x and clapped it on to the 
right-hand side as a vertical spread-increasing slice x y C' c' c. 

Can we get steam at state G' back to steam at state C ? The only possible 
way might be by compression. But compression will add energy, whereas 
steam at state C has no more energy than steam at state G'. So this process is 
not reversible and we have seen that no work was obtained from it. Let us 
say it again : Maximum work can only be obtained from a completely 

reversible cycle 



Fig. 17 should be compared with Figs. 7 and 8. The process used m 
Fig. 8 was the addition of heat to produce superheated steam at 22 33 in. 
vac. at G', containing 1,357 Btu. Exactly the same steam would have been 
obtained had we blown steam at 1,325 psi.a. superheated to 770° F., Fig. 7, 
into an empty vessel of such a size that the pressure would have been reduced 
to 22’33 in. vac. The state point C' in Fig. 7 would have moved along 
the 1,357 constant total heat line to C' in Fig. 8. 

75 . PATH OF STATE POINT. If, after expanding our steam from G to G' 
in Fig. 17, we cool the 30-cu. ft. container and reject the heat represented by 
area A y C' c' a, we shall be left with water at 212° F., point A, whence we 
started. But area A y C' c' a is equal to area A B C c a, so we have done no 
work. In Figs. 16 and 17 as we heat and expand, cool and reject, the state 
point traces out an area—A B C D in Fig. 16 ; area A B G G' y in Fig. 17. 
In Fig. 16 the area A B C D was the work done, but no work has been done in 
Fig. 17. So here is another rule : “ In a completely reversible cycle, the area 
traced out by the state point shows the work available In an irreversible or 
partly irreversible cycle the area traced out by the state point has no exact 
meaning. 
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76 . STATE POINT PROPERTIES UNVARYING. The state points G' of 
steam in Figs. 8 and 17 show the properties of steam at those points. These 
properties are exactly the same whether the steam be generated at high pressure 
and blown down into a bigger volume, or raised at low pressure and then 
superheated. The steam at point C' in Fig. 17 has 180 Btu of sensible heat, 
970 Btu of latent heat, and 38 Btu of superheat. We actually obtained steam at 
state C', Fig. 17, by taking water with 180 Btu of sensible heat, adding a further 
118 Btu of sensible heat, adding 889 Btu of latent heat and then expanding at 
constant total heat. Can we say therefore what are the individual heat 
components of steam at any state ? The recognised and logical way is to assume 
that the heat content of steam is made up of those heat additions that are needed 
to make the steam reach its particular state point by the lowest reversible path, 
i.e. along the constant pressure line. 

77 . EXPANSIVE WORKING. Let us return to our experimental cylinder. 
We are now going to carry out an operation that will require considerable 
modifications to the apparatus. The cylinder must be about 25 ft. high. The 
piston must carry an extension rod about 21 ft. long on it. On the top of the 
rod is a platform to carry the weight. Platform, rod and piston are assumed 
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FIG, 18. MODIFIED IMAGINARY CYLINDER 

to have no weight. Fig. t8a shows the new arrangement. It is assumed in all 
these experiments that the cylinder is perfectly lagged except at its base and 
that it suffers no radiation loss through the sides or through the piston. 
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Let us start as before with the piston resting on i lb. of water at 212® F. 
Let the weight on the piston again be 12,284 lb., but made up of a multitude of 
little weights instead of one big weight. Apply heat to the cylinder base. 
Again the water will be heated to 328® F., the boiling point at 100 psi.a., after 
the addition of 118 Btu. The state point moves from A to B, Fig. 19, with the 
addition of heat area A B b a. During evaporation along B C the piston will 
rise, lifting the weights. At G when the evaporation is complete, the piston will 
have lifted the load 4 ft. 5 in., when 889 Btu of latent heat, area B G c b, Fig. 19, 
have been added. This is the position shown in Fig. i8b. 

Now remove the fire and cover the base of the cylinder with perfect lagging. 
Remove one small weight from the platform and attach it to the chain. Remove 
the stop in the cylinder which limited the piston movement to 4 ft. 5 in. Owing 
to the removal of the small weight, the piston will rise slightly until the pressure 
inside the cylinder is balanced by the reduced load on the piston. Remove 
another small weight and hook it on the chain. The piston will rise again. 
Garry out this small-wcight-rcmoving process until all the weights have been 
hung on the chain. I hcre will now be only the pressure of the atmosphere 
pressing on the top of the piston, and, as the piston is assumed to be of no 
weight, the pressure inside the cylinder will be atmospheric pressure also. 
Fig. i8c. 



FIG. 19. EXPANSIVE WORKING 

Glearly, as the long string of weights proclaims, we have done much more 
work than the raising of the single weight 4 ft. 5 in. What has happened to 
the steam ? How has the state point moved ? We know that loss of heat 
by cooling moves the state point to the left. We know that increase of volume 
by useless expansion moves the state point to the right. We have done 
neither of these things, so that the state point must have moved downwards 
only. We know that the steam left in the cylinder has lost energy because 
we have a store of energy^ given up by the steam in our string of weights. 


44 



THE POWER PROPERTIES OF STEAM §77-78 

We know that the steam has lost pressure and temperature. We know 
that it has increased in volume. All these things happen when the state 
point moves vertically downwards. So that during work-producing expansion 
the state point moves in Fig. .19 from G to D on the final pressure line—in 
this case atmospheric pressure. A little consideration will show that any 
deviation from the vertical indicates imperfection in the cycle. If the line 
slopes down to the right there must have been useless expansion or wire¬ 
drawing ; if the line slopes down to the left, condensation must have taken 
place. (If we were crazy we might devise a process combining wiredrawing 
and condensation which would make the state point move from G to D 
without doing work.) 

We can now reject the heat remaining in the cylinder by cooling, so getting 
rid of heat area A D c a, when the piston will return to its original position 
resting on the water at 212° F. 

Is the process reversible ? We can add heat to the water at 212° F. Evapora¬ 
tion will take place at atmospheric pressure pushing the piston up until the 
platform is level with the topmost weight. "I'his will require the addition of 
heat area A D c a. I'hen, by adding one weight at a time, we can drive the 
piston down until we have rccompresscd the steam from D to G at 100 psi.a. 
By cooling we can now reject the heat at constant pressure along line G B A. 
The cycle is therefore completely reversible so that the area traced out by the 
state point, A B C D, is the measure of the work done. Area A B G c a is 
1,007 Btu. Area A D c a is easily measured and is 867 Btu. By difference, area 
A B G D is 140 Btu. This gives a Rankine Efficiency of 14 per cent, and 
represents 108,920 ft. lb. stored in the string of weights. 


78 . EXTERNAL WORK AND INTERNAL ENERGY. What is the 
essential difference between the two cycles shown in Figs. 16 and 19 ? In 
Fig. 16 the steam has merely been generated and during generation has done 
work. In Fig. 19 the steam has not only been generated but has been usefully 
expanded or “ used ” and the work done was of two kinds—first the work done 
by expanding the water into steam and second by allowing the steam to expand 
against a work-producing piston. This tells us something important. External 
work is done during evaporation at constant pressure due to the increase in 
volume. 

In Fig. 16 the pressure was 100 psi.a., the piston area was i sq. ft. or 
144 sq. in., the volume increase was 4’415 cu. ft., on an area of i sq. ft., a 
linear expansion of 4*415 ft. 


So that the external work done during the production of steam from the 
^ 100 X 4*415 X 144 o T> 

water was-- 73 = 82 Btu. 

778 


The difference between the total energy in steam at 100 psi.a and the 
external work done during evaporation is the “ Internal Energy of the steam. 
(The values of internal energy are sometimes given in steam tables.) 


In Fig. 16 we did not capture all the external work because the overcoming 
of the atmospheric pressure accounted for some of it. The capturable or net 


work done during steam generation is proportional to the difference between 
the pressure at which the steam is raised and the back pressure. 
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In Fig. 16 this difference is the gauge pressure at the start and atmospheric 
pressure at the end. 

The net work done in Fig. i6 was —- 14 7) X 4 415 X 144 _ 

778 

In Fig. 16 we generated steam, captured its net external energy of evapora¬ 
tion and rejected the whole of its internal energy. In Fig. 19 we got 70 Btu 
of external work and then used the steam by expansion against a piston to 
secure another 70 Btu of work from the internal energy of the steam. 

Although a boiler has a constant volume, it works as a constant pressure 
machine because the steam is piped off as fast as it is generated and does its 
external work of power production in the engine at the other end of the pipe. 

A direct-acting pump operates on the non-expansive cycle shown in Fig. 16 
and only uses the external work done by the steam during its production from 
water. A turbine, or an engine fitted with cut-off valve gear, works on the 
expansion cycle shown in Fig. 19 and uses some of the great store of internal 
energy in the steam. We must see how the cycle can be so improved as to use 
as much as possible of this internal energy, but there are certain points that we 
can usefully consider before we set out to improve the cycle. 


79. EXHAUST STATE—HEAT DROP. Point D in Fig. 19 shows the 
state of the steam at the exhaust point. It shows that the steam is 11 per cent, 
wet, that it has a volume of 24 cu. ft. and that it has a heat content of i ,048 Btu. 
Now at point C the total heat content (read off the diagram or found in the 
steam table) was 1,188 Btu, so that the steam has suffered a “ Heat Drop” 
during expansion of 1,188 — 1,048 = 140 Btu. This tallies with the result 
given by area measurement. In this cycle there is no need to measure areas. 
The work done can be found direct by finding the heat drop along the vertical 
expansion line G D. 

As the volume at D is 24 cu. ft. it follows that the piston will have travelled 
24 ft. up the cylinder. (The volume of the original water is so small that it can 
be virtually ignored.) Our string of weights will be 24 ft. — 4 ft. 5 in. = 
19 ft. 7 in. long. 

BO. SUPERHEATED WORKING. Suppose the exhaust steam was to be 
used for heating purposes. It would be desirable for the exhaust to be quite 
dry. In order to attain this it will be necessary to superheat the steam and use 
a cycle like that shown in Fig. 20. A D is ithc exhaust line at atmospheric 
pressure. Point D, the exhaust state point, s on the saturation line and is 
therefore the state of dry steam at 212° F. Now draw line D G' vertically up 
from point D until it cuts the 100 psi.a. line at G'. Point G' must be the desired 
initial state point such that steam expanded from this state to atmospheric 
pressure by doing work vdll be dry at exhaust. The temperature can be read 
off the diagrams as 600° F. It has a total heat of 1,329 Btu (this can either be 
read off the diagram or found in the superheated steam table). Steam at 
point D has a total heat of 1,150 Btu. The original water contained 180 Btu, 
so that the heat input was 1,329 — 180 = 1,149 8tu. The heat drop was 
*>329 — *>150 = 179 This gives a cycle efficiency of 15-6 per cent. 
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The improved efficiency over the cycle in Fig. 19 is due to the fact that the 
newly added heat strip G C' c' c is high and narrow. In other words the heat 
has been added with relatively little spread. 

In reciprocating engines there is a much greater practical gain by super¬ 
heating than the gain shown in Fig. 20. When the exhaust valve is open the 
temperature of die steam in the cylinder is the saturation temperature of steam 
at the exhaust pressure. During the exhaust stroke the metal of the cylinder 
parts with heat to the exhausting steam. When the inlet or admission valve 
opens and fresh hot steam enters the cylinder, the first thing that happens is 
that the cylinder has to be heated up to the temperature of the new. steam. 
If the steam is saturated it follows that condensation must take place and the 
amount of this initial condensation can be very large indeed. It is not at all 
unusual for half the steam to be condensed by the cylinder head, walls and 
piston before it has had a chance to do any work at all. Fifty years ago Professor 
W. Ripper carried out some classic experiments on a small reciprocating engine. 
Using fairly highly superheated steam the improvement in efficiency actually 
achieved on the engine ^vas about twice as great as the benefits to be expected 
due to the greater heat drop (see Section 246 for Ripper’s results). 

The reasons for this are that superheated steam is a dry gas and parts with 
its heat much more reluctantly than does saturated steam ; and that if there 
is no moisture in the cylinder at exhaust there is no flash steam produced which 
will draw heat from the cylinder walls to provide the latent heat for re¬ 
evaporation. 



- 100- 

- 200- 

- 300- 

- 400- 

- AfinJL 


FIG. 20. SUPERHEATED WORKING 

81. EXHAUST FOR PROCESS. From an examination of Figs. 4, 7, 8, 16 
and 19 it is clear that when heat is added or taken away as heat it is shown on 
the diagram as vertical strips of energy. When work is done it is shown as a 
piece sliced horizontally off the top of the diagram. What can be done to 
improve the thickness of the horizontal work-energy slice ? 
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If wc use the exhaust steam at point D, Fig. 20, for heating, say a building, 
by passing the steam through a set of radiators or heating coils, the steam will 
condense and give up all its latent heat to the air of the building. The latent 
heat is area A D c' a = 970 Btu. The condensate at 212® F. point A will be 
returned to the boiler for reheating and re-evaporation. In this case the cycle 
will be 100 per cent, efficient. 

Heat input : Sensible 118 + Latent 889 + Superheat 142 == 1,149. 

Heat used : Work 179 + Heating 970 = 1,149. 

So by using a heating process with the exhaust steam from a power process we 
can usefully employ the whole of the heat input. The technique of combining 
power production with process heating is discussed in the next chapter. 

82 . LOW PRESSURE EXHAUST. Although the use of the exhaust for 
heating turned the cycle shown in Fig. 20 into a cycle of 100 per cent, overall 
efficiency, the amount of power produced was only 15-6 per cent. There may 
not be a heating process available, or it may be necessary to produce as much 
power as possible before using the steam for heating. It is therefore important 
to see what can be done to make as much of the energy available as possible for 
power purposes, by modifying the cycle. 



FIG. 21 . HIGH VACUUM EXHAUST 


Let US abandon our queer experimental cylinder and turn to real engines 
and turbines. If, instead of the open-ended cylinder, we close in the cylinder 
and transmit the force exerted on the piston by means of a piston rod passing 
through a gland in the cylinder cover, we can, by means of a condenser and 
vacuum pump, relieve the front end of the piston of most of the atmospheric 
pressure. This also means that the steam behind the piston can be allowed to 
expand to a pressure well below atmospheric pressure. This will increase the 
thickness of the horizontal power slice without seriously increasing the spread. 
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Fig. 21 shows the effect of generating steam at lOO psi.a. superheating it to 
600° F., as in Fig. 20, and expanding it down to an exhaust pressure of 28 in. 
vacuum at loi® F. The total heat at G' is 1,329 Btu. The total heat at D' 
on the 28 in. vacuum line is 978 Btu. This gives a heat drop of 1,329 — 978 = 
351 Btu. In order to work at a vacuum the exhaust must pass into a condenser 
where the heat, area A' D' c' a' is rejected. The condensate returning to the 
boiler will be at state A' at 101° F. and will contain 69 Btu of sensible heat. 
The total heat input is 1,329 — 69 = 1,260 Btu for a power output of 351 Btu. 
This shows a cycle efficiency of 27*8 per cent. The gain has been the fine 
thick power slice A' A D D', but we are not getting something for nothing as 
the extra area A' A a a' has been added to the input. A good gain has been 
got but the spread has been slightly increased by a' a. 

The exhaust at D' is 11 per cent. wet. This is of little consequence. Steam 
at 100® F. is not very useful for process heating and 11 per cent, of moisture at 
exhaust is not objectionable either in an engine or a turbine. The limit of 
permissible wetness in a turbine exhaust is about 13 per cent. Above this 
figure the water droplets may wear away the last row of blades. 



FIG. 22 . HIGH PRESSURE AND HIGH VACUUM 

83 . HIGH PRESSURE WORKING. Inspection of the diagrams shows that 
there is another useful slice of work to be obtained above the B G line by raising 
the initial pressure. Let us go right up to the limit of prudence—say i ,000 psi.a. 
at 900° F. There are a number of stations working at higher pressures and 
higher temperatures, but it has yet to be conclusively proved that the thermo¬ 
dynamical advantages of such extremes outweigh the practical difficulties of 
keeping such plants running day-in, night-out. 
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Fig. 22 shows such a cycle. G' is the state point of steam at i,ooo psi.a 
and 900® F. The total heat at G' is 1,448 Btu. Point D is near the 28 J in, 
vacuum line with a temperature of 90® F. and a heat content of 882 Btu. 
The heat drop is 1,448 — 882 = 566 Btu. The sensible heat in the condensate 
at A is 58 Btu, so that the heat input is 1,448 — 58 = 1,390. This gives a 
cycle efficiency of 40 • 7 per cent. 

84 . FEEP PUMP ENERGY. There is a small additional amount of energy 
that we have so far neglected. This is the amount of energy needed to force the 
feed water into the boiler. Except at very high pressures it is so small that it 
can be neglected except for very exact calculation. In the diagrams given here 
it would amount to little more than the thickness of the line. The actual effect 
would be that point B would be just a little bit to the left of the water line. 
In most ordinary cycles the theoretical energy represented by the feed pump is 
less than 2 Btu. In practice feed pumps are thermodynamically inefficient and 
handicap the net power output considerably, especially at high pressures. 
At the moment we are considering only the theoretical effect of the feed pump 
on the cycle. 

85 . EFFICIENCY RATIO. Fig. 22 refers to a perfect engine. Even the 
largest turbines are far from perfect. Let us assume that the turbine working 
on the Fig. 22 cycle has an efficiency ratio of 80 per cent. This means that 
out of a theoretical heat drop of 566 Btu only 453 are actually turned into work. 
So that the total heat in the exhaust will be 1,448 — 453 = 995 Btu. Now the 
exhaust pressure is not ^.hanged ; the exhaust steam just carries more heat 
than would the exhaust from a perfect engine. This extra heat is due to steam 
leaking over the tips of the blades, leaks through the interstage glands, slip and 
friction in the blades, wiredrawing in the governor valves, etc. So the actual 
state of the exhaust steam will be at D' where the 995 total heat line cuts the 
90° F. exhaust line. The state point instead of moving vertically will move 
slightly to the right along some unknown and irregular path from G' to D'. 
Now the spread to the right D D' represents an irreversible process, so that we 
cannot say that the work done is equal to area A B C G' D', which is the area 
traced out by the state point. It is not. The work done is 80 per cent, of area 
A B G G' D. Although we cannot ascertain the work from the areas in such a 
cycle we can get the real work done from the real heat drop. If we measure 
the quality of the steam at G' and at D' (see Section 213 in Chapter 6) wc can 
find the exact heat drop from which we can calculate the efficiency ratio of the 
machine. 

86 . MOISTURE AT EXHAUST—REHEAT. Had the engine in Fig. 22 been 
perfect the exhaust at D would have been over 20 per cent. wet. This would 
not have been permissible. With an efficiency ratio of 80 per cent, the exhaust 
at D' is only 12 per cent. wet. If the efficiency ratio were as high as 85 per 
cent, the exhaust would be too wet. If the initial temperature had been 
850® F. instead of 900 the exhaust would have been too wet. Where excessive 
wetness is expected the steam is withdrawn from the turbine at some point 
during expansion and passed through a separate superheater, built into the 
boiler, where it is resuperheated. After reheating it is brought back to the 
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turbine where it can be expanded down to a very low exhaust pressure without 
any danger of excessive wetness. 

The cycle is shown in Fig. 23. Steam at 1,000 psi, superheated to 900® F. 
is withdrawn from the turbine at about 200 psi and reheated to 800® F. It is 
then returned to the turbine where it expands down to 28 5 in. vacuum.. 
The cycle efficiency is 41 *5 per cent. 


1000 i 



87 . SHORTENING THE ODDS—NARROWING THE SPREAD. It is 
very clear from Figs. 21,22 and 23 that the left-hand side of the picture is not 
pulling its weight. Area A' A a a' contains 112 Btu in Fig. 21, but it only 
yields power equivalent to the poor little triangle A' A x, which contains 
8 Btu—an efficiency of 7 per cent. If we could cut a good vertical slice oflF the 
left-hand side of the diagrams we should reduce the spread and yet sacrifice 
very little of the upper powerful layer. 

Condensation takes off vertical slices. If the whole of the exhaust steam is 
used in a useful condensation process we have seen that the cycle is turned 
into one of lOO per cent, efficiency. By doing a little condensation process the 
big power stations can greatly reduce their spread. They actually use multiple 
pass-out turbines (see the next chapter) but the pass-out quantities are relatively 
small. These turbines are called bleeder turbines and the cycle works as follows. 

88. THE REGENERATIVE CYCLE. Fig. 24 shows a modem power 
station cycle. Initial steam conditions are the same as in Fig. 22, namely, 
1,000 psi.a. at 900® F. The steam is put into the turbine at G' and expands. 
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At pressure E, about 8o psi, a portion of the steam is bled off, or passed out of the 
turbine. The amount of heat in this steam is shown diagramatically as the 
vertical strip E e c'. This steam is taken into a feed water heater and condensed, 
the condensate being returned to the feed water. This has the effect of adding 
the heat area P Q q a to the feed water. Further along the turbine, at about 
lo psi, another lot of steam is bled off the turbine. The heat in this is shown as 
strip F f e, which is in turn transferred to the feed (before it receives area 
PQqa) as area QR r q. Finally, a third amount of steam is bled off and used 
in the first of the series of feed heaters to put in G g f as A' R r a. By thus 
stealing a leaf out of industry’s book, the big power station, by ingeniously 
combining a little process heating with power generation has reduced the 
spread of the cycle by a' a, has saved the heat loss in area A' A a a' while only 
forfeiting the small power area A' P A. 


Total Heat Drop 
Power Forfeit by Bleeds 
Net Available Power . . 
Heat Input 


.. C'-D 
.. P-A 

.. (C'--D)-(P--A) 
.. C/-~P 



FIG. 24. REGENERATIVE CYCLE 

This gives the cycle an efficiency of 44*3 per cent. If the turbine 
efficiency ratio is 82 per cent., the generator efficiency 98 per cent., the boiler 
efficiency 85 per cent., and if the auxiliaries take 4 per cent., the overall 
coal/electricity efficiency will be 29*1 per cent., which tallies with the 
performance obtained by the good stations. 
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A method of cutting an even bigger strip off the left side of the diagram 
has been suggested. This Compression-Regeneration cycle is described in 
the Appendix, Section 803. 

89 . REGENERATIVE REHEAT CYCLE. It is possible to combine the 
regenerative and the reheat cycles, and this is in fact done in some stations. 
Such a cycle is shovs^n in Fig. 25, where the cycle efficiency is now 
46*3 per cent. By working at pressures higher than 1,000 psi, by improving the 
vacuum to 29 in. and by using rather more superheat, it is possible to squeeze 
the cycle efficiency up to just over 50 per cent., when the actual efficiency 
that can be attained is about 31 per cent. 

90 . SPREAD. From all the foregoing cycles it is proved that every improve¬ 
ment in efficiency has been got by decreasing the spread compared to the total 
heat input. It should also now be clear that, while an increase in spread 
sometimes means an increase in the amount of energy available for power 
production, it ALWAYS means an increase in the amount of heat that 
must be rejected in the exhaust. 



If we have a certain quantity of heat with which to work a steam engine 
cycle for power generation, we can liken it to a pint of whisky. We could pour 
the whole pint down one man’s throat and, although he might enjoy it very 
much at first, he would not enjoy it long ; he would suffer a breakdown ; his 
availability would be low. We could, in the same way, use our heat to generate 
a small amount of very high pressure, very high temperature steam, and a large 
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proportion of the heat would theoretically be available for power production. 
Such steam would quickly wreck any engine or turbine we could build. On 
the other hand, we could dilute the pint of whisky and so spread it out that it 
was no use to anyone. Similarly, we could use our heat to raise a veiy large 
quantity of steam at 28 in. vacuum, but it would be useless for generating 
power. We must, therefore, choose some point between these extremes to suit 
practical working conditions. It might be four fingers and a splash—1,200 psi 
and reheating with stage bleeding— ; or one finger and half a siphon— 
250 psi and 150® F. superheat. While it is important to keep the spread to a 
minimum during the raising of steam, it is even more important to prevent any 
increase of spread in the actual power conversion part of the cycle—such an 
increase is dead loss It is, however, sometimes permissible to increase the 
spread in some heating processes—but that is another story. 

91 . CARNOT^S THEOREM. In 1824 Sadi Carnot, a French physicist, pro¬ 
pounded the fundamentals of the perfect heat engine cycle. Fig. 26 shows the 
Carnot cycle. 



A B is perfect compression. This is comparable in the working steam cycle 
with getting the water into the boiler and raising it to boiling temperature. 

B C is heat addition at constant high temperature. This part of the cycle 
is comparable with evaporation of the water and adding heat to the steam in 
a working cycle. 

C D is perfect expansion where all the heat energy liberated is converted 
into useful work. 

D A is heat rejection at low temperature. 

The total energy supplied is area B C c b and the energy available for 
doing work is area A B C D. 

As these areas are both rectangles on a common base, we can say that the 
total energy supplied is proportional to the temperature T^ during heat addition. 
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Therefore the energy available for doing work is proportional to the 
temperature drop across the cycle, or — Tg. 

Now the efficiency of a cycle is expressed by dividing the useful work b)^ 
the heat input. 

In Fig. 26 this efficiency is clearly ^ 

So we now see that instead of having to accept Carnot’s theorem parrot-like, 
it is quite obvious and logical. 

Fig. q6 shows that by increasing the temperature to we reduce the 
spread from be to b' c ; we increase the output by C C', but we require 
superheat at G'. 

All the improvements that we have made in progressing from Fig. 16 to 
Fig. 24 (apart from superheating which is done principally to limit condensation 
for practical reasons) have tended to make the diagram approach a tall narrow 
Carnot rectangle. 

92 . WHAT IS SPREAD ? Rankine and Clausius emphasised the importance 
of keeping the spread small and limiting its increase. Rankine called spread the 
‘‘ Thermodynamical Function Fortunately this name did not catch on. 
Clausius called it ENTROPY. Unfortunately this name stuck, and has been a 
stumbling block ever since. The dictionaries say that “ entropy ” is derived 
from the Greek kvTQonr} and that it means a “turning-in”. That is just 
what it does not mean ; it means a spreading-out. But Clausius may have had 
his tongue in his cheek and may have intended entropy to have its Modern 
Greek meaning of “ Shame.” 

93 . ENTROPY. Entropy clearly means spread in the energy diagrams we 
have been considering. These diagrams are called Temperature-Entropy 
diagrams. In some dictionaries the meaning of entropy is simply given as 
“ the length on a diagram whose area is heat and whose height is absolute 
temperature ”. (A remarkable case of passing the buck.) Other dictionaries 
define entropy as an “evening-out” or as a “degeneration” (these are 
notoriously synonymous.) Does entropy always mean spread ? The 
astronomer tells us that the entropy of the sun is continually increasing. We 
can reply that it is obvious that the sun is continually spreading its energy 
through the celestial void. The geologist tells us that the entropy of the earth’s 
crust is increasing. We can retort that we know well that rains and frosts are 
spreading the mountains over the valleys and plains, and that the rivers arc 
spreading the land over the sea bed. The statistician tells us that a system has 
maximum entropy when its components are in random distribution. We can 
say that when our wife makes a good cake the currants are spread higgledy- 
piggledy throughout the cake. So—^we can take it that entropy means spread 
and, as the diagrams have shown, any increase of entropy, or “ spreading of 
energy ” lowers the availability of that energy for doing useful work. 

94 . ENTROPY ALWAYS INCREASES. On the diagrams it has been 
shown that by doing a heating process—that is by taking heat from our steam— 
the entropy of the steam is reduced. The heated substance, on the other hand, 
must have a lower temperature than the heating steam so that there must be a 
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larger increase of entropy in the heated material than there was a reduction of 
entropy in the heating steam. This must be true. The heat in a heated material 
must be more spread, less concentrated, than in the heating medium. So heat 
transfer must always be accompanied by an overall increase of entropy (except 
when carried out in a perfect counter current heat exchanger between materials 
of the same weight and the same specific heatj. 

It has been shown that in a perfect engine power would be generated by 
steam without any increase of entropy. What happens to the power ? It is all 
eventually spread out and dissipated at low temperature. The power may go 
into an electric radiator. The energy spreads itself out as low grade heat in the 
manager’s office ; it increases the entropy of his sanctum. Take an ocean 
liner. Energy is liberated at very high temperature and low entropy in the 
boiler furnace. Twenty per cent, of this valuable energy is lost up the funnel 
and ventfiators. There is a small increase in the temperature and entropy of 
the atmosphere. Of the 8o per cent, energy going to the turbines, 50 is 
thrown away in the condensers and causes a small rise in oceanic temperature 
and entropy. The remaining 30 per cent, is converted with only a small 
increase of entropy into useful work at the propeller. All the energy at the 
propeller, however, is converted back into very low-grade heat—slip in the 
propeller—blade friction—the sideways displacement of the water by the 
ship’s bows—the making of waves—the friction of the ship’s skin—the air 
resistance of the superstructure. So that in crossing the Atlantic all we have 
done is to spread all the good energy in the oil or coal that was burnt over 
3,000 miles of sea and air, as an irrecoverable tiny rise of temperature 
accompanied by a corresponding increase of oceanic and atmospheric entropy. 
(We got to America, of course.) 

Although condensation is a process which reduces the entropy of the 
condensing steam there is an even greater increase in the entropy of the cooling 
medium, be it atmosphere or river. Half of the energy liberated in the boiler 
furnaces of London’s riverside power stations is spread uselessly into the river 
Thames, which is theoretically increased in temperature by g° F. So that if a 
system is looked at as a whole, the past can always be distinguished from the 
present or future by an increase of entropy as time proceeds. It is because 
entropy is always increasing throughout the universe that an eminent physicist 
has described entropy as “ Time’s Arrow ”. 

95 . THE NUMERICAL VALUE OF ENTROPY. In what units is the 
entropy of steam measured ? An area is height multiplied by breadth. So 
that breadth, or spread, is area—Btu—divided by absolute temperature. This 
means that the entropy scale is in units of Btu per ° F. (Does this ring a 
mental bell ? Specific heat is also Btu per ® F. So that an increase of entropy 
can be looked on as a kind of rise in specific heat. Some people find this a 
helpful conception.) 

Take point Z in Fig. 27. 

It is on the 32® F. line and on the 1,000 Btu line. 

The area A Z z a = 1,000 Btu and the height a A = 492® F. abs. 

Therefore the spread, or entropy, is 2*033 Btu/® F. 
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Now take point Y where the 500 Btu line cuts the 32® F. line. 

The height is again a A = 492® F. abs. 

The area A Y y a is 500 Btu, so that the entropy is i -016 Btu/® F. 

Take point X on the 1,000 Btu line at 500° F. 

If 1,000 is divided by 500 + 460 = 960, the result is i *042 when in fact 
the entropy on the diagram is i *222. 

Why the discrepancy ? The area representing the heat at point X is not a 
rectangle, but is area A B X x a. This discrepancy is of no consequence as we 
are never concerned with the absolute value of entropy, only with changes of 
entropy or with processes carried out with no change of entropy. 



FIG, 27. ENTROPY UNITS 


96 . GIBBS* FUNCTION, If we calculate the total heat at point X in Fig. 27 
by multiplying the absolute temperature by the entropy, we shall get too high 
a result due to the inclusion of the triangular area A G B. If we knew the value 
of this triangle for any pressure it would simplify some of our calculations. 
For this reason it is included in many steam tables and is called G ” or 
Gibbs’ Function (after its inventor in 1875, Willard Gibbs), or sometimes it is 
graced by the terrific title of Negative Thermodynamic Potential ”. As will 
be seen later its use provides a valuable short cut. The values of Gibbs’ Function 
are given in Table I, the Saturated Steam Table. 

97 . ADIABATIC OPERATIONS. When Steam expands or is compressed in 
a reversible manner without gaining or losing heat through the walls of the 
machine, the expansion or compression is said to be “ Adiabatic If entropy 
is a bad word, “ adiabatic ” is even worse. It is derived from the Greek 
a ($ta PoLivetv and therefore means “not passing through”. Clearly no heat 
passes through during expansion or wiredrawing through a reducing valve or 
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orifice, but engineers use the word adiabatic to distinguish mechanical expansion 
from wiredrawing. When adiabatic expansion or compression is spoken of, 
what is meant is perfect mechanical compression or perfect mechanical power- 
producing expansion. In other words, expansion or compression at constant 
entropy. It would be much less confusing were such operations called ‘‘ ideal ”, 
or even ‘‘ Isentropic ” expansions and compressions. The use of the word 
adiabatic could then be reserved for such phrases as : “I bought a fine 
adiabatic mackintosh to-day ”, or “ The inner tubes on my bicycle are no 
longer adiabatic 

98. ADIABATIC HEAT DROP. The heat drops from C or C' to D on 
Figs. 19, 20, 21 and 22 are the amounts of energy availal:)le for conversion into 
work by a perfect engine. They take place at constant entropy and are called 
‘‘ Adiabatic Heat Drops ”. 

99. THE PRACTICAL USE OF ENTROPY VALUES. The steam tables 
give figures for entropy for all the states of steam and water. By using these 
values and doing a little simple arithmetic we can calculate the heat drop, 
wetness, volume, etc., without trying to read them off' the diagram. But we 
want a rough diagram to help to keep us on the right lines. A diagram 
sufficiently large to be accurate to within i or 2 Btu is very large and cumber¬ 
some, whereas the steam table is portable and can be used anyv^here without 
inconvenience. Let us confirm by calculation some of the results we have 
obtained by measurement on the diagrams. 

100 . TO FIND ALL QUALITIES AT EXHAUST. In Fig. 19 we had 
saturated steam at 100 psi.a. which we propose to expand adiabatically (we 
must conform to conventional nomenclature) down to atmospheric pressure, 
from point C to point D. We want to know the heat drop from C to D, the 
wetness at D and the volume at D. Clearly the length of line A D compared 
to the total length A E of the atmospheric evaporation line represents the 
amount of dry steam at point D. Having found the peicentage of dry steam we 
can then find the total heat in the mixture and the volume of the mixture. 
The entropy at D will give us the wetness at D, and the entropy at D is the 
same as the entropy at C. 

The saturated steam table gives the following qualities for loo psi.a. steam 
at point G :— 

Pressure .. .. . . .. .. 100 psi.a. 

Total heat .. .. .. .. .. 1,188 Btu 

Total entropy .. .. .. .. i-6o4Btu/°F. 

From the steam table we also get the qualities of saturated steam at the exhaust— 
atmospheric—pressure :— 

Sensible heat .. .. .. .. 180 Btu 

Latent heat .. .. .. • • 97^ Btu 

Total entropy .. .. .. .. i * 757 

Evaporation entropy .. .. .. i‘445 

Water volume .. .. .. .. *0167 cu. ft. 

Steam volume .. .. .. .. 26 8 cu. ft. 
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The reduction D E in evaporation entropy in Fig. 19 due to wetness 

= 1-757 - 1-604 = -153- 

The entropy of evaporation of 100 per cent, dry atmospheric steam A E 

= 1.445. 

The wetness at state D 

• I r q 

== —^ = . 1059 lb. water. 

1*445 

= 10-59 per cent. wet. 

The total heat at D is made up of the sensible heat in i lb. of water at 212® F. 
plus the latent heat in (i — • 1059) lb. steam 

= 180 + (i — -1059) 971. 

= 1,048 Btu. 

The adiabatic heat drop == 1,188 — 1,048 =140 Btu. 

The volume of the mixture at D is the volume of • 1059 lb. water plus the volume 
of (i —- *1059) lb. of saturated steam at atmospheric pressure 

= (-1059 X -0167) + (i — *1059) 26-8. 

= *0018 + 23*962. 

= 23*964 cu. ft. 

Clearly the volume of the water can always be ignored unless the wetness is 
very large or the pressure is very high. 

101 . TO FIND THE HEAT DROP USING GIBBS’ FUNCTION. If WC 

only wish to find the heat drop and if we have a table giving the values of ‘‘ G ” 
the calculation is very short. There is no need to calculate the wetness first. 
The total heat at D will be the absolute temperature multiplied by the entropy 
less the value of the missing Gibbs’ triangle “ G The value of G at atmos¬ 
pheric pressure is 30 Btu, so we have :— 

Total heat at D == [(212 + 460) 1*604] ~ 3® = 1048. 

Heat drop = 1,188 — 1,048 =140 Btu. 

102 . TO FIND THE NECESSARY SUPERHEAT. In Fig. 20 it was 
postulated that steam at 100 psi.a. was to be so superheated at C' as to be dry 
at exhaust D. We wish to determine the amount of superheat necessary at C'. 

The entropy at C' must be the same as the entropy at D, which is the total 
entropy of dry saturated steam at atmospheric pressure, which the steam table 
tells us is I • 757. 

This then must be the entropy of the superheated steam at 100 psi.a. 

Inspection of the superheated steam tables shows that at 100 psi.a. the 
entropy is i * 758 at 600® F. and i • 749 at 580° F. 

We can therefore say that i • 757 entropy corresponds at 100 psi.a. to a steam 
temperature of 598° F. (We had read this temperature off the diagram as. 
600^ F.) 
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103 . TO FIND THE POWER AVAILABLE. Consider the case of an 
exhaust turbine taking steam exhausted from a reciprocating ^engine at atmos¬ 
pheric pressure. The engine exhaust is 4 per cent, wet, and the amount of 
steam passing is 20,000 lb. per hour. What power can be expected from the 
turbine when exhausting into a condenser at 28 in. vacuum ? 

The conditions at the turbine inlet, which are those of the engine exhaust 
are found in the steam table for saturated atmospheric pressure steam :— 
Liquid entropy .. .. .. .. *312 

Evaporation entropy .. .. .. i • 445 

Sensible heat .. .. .. . . 180 

Latent heat .. .. .. . . 970 

The engine exhaust is 4 per cent, wet, and so has a dryness fraction of *96. 
The entropy cf the engine exhaust will be :— 

•312 + (-96 X 1 * 445 ) = 1-699. 

The total heat in the engine exhaust and at the turbine inlet is :— 

180 -h (-96 X 970) = I,III. 

Now, knowing the initial entropy we could calculate the total heat in the 
turbine exhaust by means of Gibbs’ Function, but as we must find out the 
amount of wetness in the turbine exhaust anyhow, nothing would be saved. 

The steam table gives the following qualities for saturated steam at 28 in. 
vacuum ;— 

Total entropy .. .. .. .. 1*980 

Evaporation entropy . . . . . . i • 849 

Sensible heat .. . . .. • • 69 

Latent heat .. .. .. 15^37 

If the steam leaving the turbine were dry saturated it would have an entropy 
of I • 980, but we know that the initial entropy is i • 699. The difference 
represents moisture in the steam. 

Difference in entropy = i *980 -- i *699 — *281 which is the entropy due 
to exhaust moisture. 


The evaporation entropy at 28 in. is i *849 so that the wetness at the turbine 
exhaust is 

—= • if%2 or 84*8 per cent. dry. 

1-849 ^ ^ ^ y 

The total heat in the turbine exhaust is 69 + (-848 x 1037) = 948 Btu. 
The heat drop with adiabatic expansion is i,iii — 948 = 163 Btu. 


One horse-power is equivalent to 1,980,000 ft. lb./hour and i Btu is 
equivalent to 778 ft. lb. See Table VIII, Section 53. 

-ru *1 • 20,000 X 163 X 778 o n 

The power available is--— - - — ~ 1,281 H.P. 

1,980,000 - 


1,281 H.P. 


104 . EFFICIENCY RATIO. The foregoing has assumed a perfect engine or 
turbine. As explained in Section 85 losses occur. It is difficult to predict in 
general terms just how great these losses will be. An approximate idea of 
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just what order of efficiency can reasonably be expected from turbines is given 
in Table IX. „^This table requires explanation ; it must be used with reserve, 
and it must be used correctly. Because this table and Table X suggest a probable 
efficiency ratio, it does not follow that this will be forthcoming in practice ; in 
some cases the tabled figure may not be reached ; in other cases it may be 
exceeded. Engine and turbine builders must use patterns that are nearest to 
requirements, and such patterns may perhaps not be very suitable, or may 
indeed exactly fill the bill. 

The efficiency ratio of an engine or turbine is the percentage of the ideal 
or adiabatic power in a cycle that is actually converted by the machine into 
useful work. Suppose the efficiency of a cycle is 30 per cent, and that the 
efficiency ratio is 50 per cent., then the engine will have an actual thermal 
efficiency of 15 per cent. 

To enable Table IX and its uses to be understood, there is an essential 
point regarding engines and turbines that must be understood. A turbine or 
engine operating over a small pressure drop will, for a given power, be a much 
larger machine than one operating over a large pressure drop—much more 
steam will pass through it. Again, a machine operating over a particular 
pressure or heat drop at low pressure will be a much larger machine than one 
working over the same heat drop at high pressure. The percentage losses in 
engines and turbines decrease as the volume of the machine increases (within 
limits). This is only to be expected. In a reciprocating engine the larger the 
cylinder the less is the proportional cooling effect of the cylinder walls and the 
less is the relative area of possible leaks. In a turbine the larger the machine 
the smaller are the clearance spaces relative to the effective blade area. The 
efficiency of a prime mover depends to a great extent on its volume—the 
larger the volume the less the proportionate losses. 


TABLE IX. APPROXIMATE TURBINE EFFICIENCY 

RATIOS 

{Assuming appropriate Superheat and appropriate Speed) 


HORSE 

POWER 

PRESSURE^^.^ 

DROP 

1 

250 

500 

1 

750 

1.000 

2,000 

3,000 

4,000 

5,000 

7,500 

10,000 

1,(X)0 psi.a. to 400 

- 

— 

— 

— 

59 

62 

64 

65 

67 

68 

400 psi.a. to 100 


54 

57 

59 

64 

67 

68 

69 

71 

72 

100 psi.a. to 20 .. 

61 

65 ! 

67 

68 

71 

73 

74 

75 

76 

76 

20 psi.a. to 28"' vac. 

64 

68 

70 

71 

74 

76 

78 1 

79 

80 

80 


(This table must not be used without leading the explanation in the text.) 


In Table IX four pressure drops are given. Each of these pressure drops 
represents roughly similar amounts of available energy. We can see how the 
efficiency rises with increase of volume. Take the second line—initial pressure 
400 psi, exhaust pressure 100 psi. We see that a 250 H.P. turbine can be 

61 


(602.13) 


C 



§104 the efficient use of steam: chap. 2 

expected to have an efficiency ratio of 47 per cent. As the size of the machine 
rises so does the efficiency increase until at 10,000 H.P. we can expect the 
efficiency ratio of 72 per cent. Now take the 2,000 H.P. column. If the 
machine operates between 1,000 psi and 400 psi the expected efficiency ratio 
is only 59 per cent. At these high pressures the steam occupies a very small 
volume and the turbine is consequently small with proportionally big clearances. 
Steam at these pressures is also dense and there is considerable friction between 
the blades and the steam. As the volume of the steam rises so does the volume 
of the turbine increase and the efficiency ratio improves until at the low pressure 
range the efficiency ratio that can be expected is 74 per cent. 

In using the table it must be understood that the horse power refers to 
only one pressure drop at a time. Some examples will make this clear. Suppose 
we wish to generate 2,000 H.P. I'hc figures under 2,000 H.P. show the 
efficiency ratios that can be expected if all the 2,000 H.P. is generated over one 
pressure drop. That is to say, a 2,000 H.P. turbine taking steam at 400 psi 
and exhausting at 100 psi can be expected to have an efficiency ratio of 64 per 
cent. Now suppose we wish to generate 2,000 H.P. between 400 psi and 
20 psi. This must be looked upon as two 1,000 H.P. machines operating under 
two separate pressure drops. "Phe 1,000 H.P. column shows that we can expect 
59 per cent, and 68 per cent, from them. So that although much less steam 
will be used the efficiency ratio will be no more than before because the machine 
is really a smaller machine—it must be, because it is taking much less steam. 
Now suppose it is suggested that 2,000 II.P. be generated using an initial 
pressure of 1,000 psi exhau'^ting into a condenser at 28 in. vacuum, this must 
be looked upon as four 500-H.P. machines. A 500-H.P. turbine working 
between 1,000 and 400 psi is so small that it will probably not pay to use it 
alone, although its shortcomings would be to some extent offset if it were, as 
in this case, merely the small end of a big machine. 

Table IX assumes good conditions ; adequate superheat and proper 
turbine speeds. It will, for example, not be likely that an efficiency ratio 
of 68 per cent, could be obtained from a i,ooo-H.P. machine operating 
between 100 and 20 psi.a. if the steam is saturated and if the speed is only 
1,500 r.p.m. 

Section 80 has shown that an increased cycle efficiency can be obtained 
by superheating the steam, apart from the beneficial effect of superheating by 
preventing condensation. Now the hotter steam is, for a given pressure, the 
larger the volume it occupies. So that the use of superheat not only improves 
the cycle efficiency, it improves the efficiency ratio also. 

A much greater gain can be expected from a lowering of the back pressure 
than from raising the inlet pressure. Figs. 20, 21 and 22 explain the reasons for 
a higher cycle efficiency, while lable IX and the explanations just given 
show that the efficiency ratio will also be increased. There are other arguments 
against the use of a very high initial pressure, and in favour of a low back 
pressure. High pressures call for high superheat which introduce engineering 
difficulties. If the prime mover is exhausting into a process main it will be 
found beneficial to work the process at the lowest possible pressure. This has 
been referred to in Chapter i and will frequently be spoken of again. High 
boiler pressures call for big power for the feed pumps and instead of the boiler 
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feed pumps representing a trifling debit against the power generation credit, 
it may become a serious drain. (There is a factory in England working at 
extremely high pressure where the boiler feed pumps take 10 per cent, of the 
total power generated.) 

The turbine discussed in Section 103 should, according to Table IX, have 
an efficiency ratio of about 72 per cent. 

The actual H.P. developed would therefore be 72 per cent, of 1,281 
or 922 H.P. 

The real effective heat drop will be 72 per cent, of 163 == 117 Btu. 

So that the total heat in the turbine exhaust will be i,iii — 117 = 994Btu. 

The real dryness of the steam will be - — == * 89 or 89 per cent. 

1,037 

The wetness in the turbine exhaust will be ii per cent, not 15 *3 per cent, 
and can safely be permitted. 

Tabic IX shows probable efficiency ratios for turbines only. Reciprocating 
engines are not so straightforward. Table X shows probable efficiency ratios 
in a different form. It shows the figure that can be expected from a machine 
taking 10,000 lb. of steam an hour under various conditions of inlet and exhaust 
pressure for both engines and turbines. It assumes saturated steam is used in all 
cases. These conditions have been selected as they are likely to apply to 
thousands of small and medium sized factories. The first figure in each of the 
triple entries in this table is the adiabatic or ideal horse power. 

Let us take conditions when the machine is exhausting to atmosphere, by 
running our eye down the atm column. It will be seen that the efficiency 
ratio of the engine drops as the pressure across the engine increases, because 
there will be a greater range of temperature in the cylinder and consequently 
more cylinder condensation. The turbine, however, shows a small increase in 
efficiency ratio because, as temperatures remain constant in any one part of a 
turbine, there is no equivalent to cylinder condensation, and, as the machine 
gets bigger, the efficiency rises. 

Now let us see the effect of a constant inlet pressure with various exhaust 
pressures. Take the 200 psi line. It will be seen that the ideal H.P. decreases 
as the exhaust pressure goes up ; that is to say, the machine becomes smaller 
the higher the back pressure. It follows that the turbine should show a steadily 
decreasing efficiency ratio with rising exhaust pressure, and this the table shows. 
At 20-in. vacuum exhaust the ideal H.P. is 1,020 and the turbine efficiency 
ratio is 62 per cent., so that we can expect to get 632 H.P. At 60 psi.g. back 
pressure the ideal H.P. is only 330 and the turbine efficiency ratio is only 
39 pc^r cent., so we cannot hope to get more than 129 B.H.P. The engine, 
however, shows a steady increase of efficiency ratio up to a moderate back 
pressure. This is due to two causes ; first an engine cannot take full advantage 
of vacuum exhaust because the low pressure cylinder would be too large for 
practical working ; second, because of the smaller temperature changes in the 
cylinder at the higher back pressures, there is less cylinder condensation. As 
the back pressure rises beyond 20 psi.g. the engine becomes such a small uni 
that its efficiency ratio starts to drop. 
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General inspection of the table shows how well a turbine can use very low 
pressure steam and what good use it can make of vacuum exhaust. It also 
shows how ill-adapted is a small turbine to work on high pressures. It is 
interesting to note that at lo-in. vacuum and 225 psi inlet, both the engine and 
the turbine can be expected to have the same efficiency ratio of 56 per cent, and 
should yield 510 H.P. from 10,000 lb. of saturated steam an hour. 


TABLE X. IDEAL HORSE POWER AND APPROXIMATE 
EFFICIENCY RATIOS FOR ENGINES AND TURBINES 
USING 10,000 LB. SATURATED STEAM PER HOUR 


INLET 

PRESS. 

SAT. 

PSl.O. 

EXHAUST 

20" 

VACUUM 

15" 10" 

5" 

ATM. 

5 

10 

GAUGE PRESSURE 

20 40 60 

80 

100 

HP 

855 

760 

690 

635 

590 

475 

455 

355 

230 




100 E 

53 

58 

60 

62 

65 

64 

61 

60 

56 

— 

— 

— 

T 

67 

62 

60 

57 

53 

51 

48 

46 

37 

— 

— 

— 

HP 

910 

815 

745 

680 

650 

570 

520 

420 

290 




125 E 

53 

58 

60 

62 

64 

67 

64 

63 

60 

— 

— 

— 

T 

64 

60 

59 

57 

53 

52 

48 

47 

38 

— 

— 

— 

HP 

955 

860 

810 

735 

695 

615 

560 

465 

340 

250 



150 E 

53 

57 

58 

62 

63 

66 

66 

66 

62 

58 

— 

— 

T 

63 

59 

57 

57 

53 

53 

50 

48 

41 

32 

— 

— 

HP 

985 

895 

852 

775 

735 

655 

595 

500 

380 

290 

215 


175 E 

53 

57 

58 

61 

62 

66 

67 

67 

62 

62 

60 

— 

T 

62 

59 

56 

56 

53 

53 

50 

48 

43 

36 

— 

— 

HP 

1,020 

930 

885 

810 

770 

690 

635 

540 

420 

330 

255 

195 

200 E 

53 

56 

57 

60 

61 

64 

66 

67 

65 

62 

61 

60 

T 

62 

59 

56 

56 

53 

53 

50 

49 

45 

39 

35 

— 

HP 

1,050 

960 

910 

840 

800 

725 

665 

575 

450 

360 

290 

230 

225 E 

52 

55 

56 

59 

60 

63 

65 

66 

67 

63 

62 

60 

T 

62 

58 

56 

56 

54 

53 

50 

49 

45 

39 

36 

— 

HP 

1,075 

985 

940 

870 

825 

750 

700 

610 

485 

395 

325 

265 

250 E 

— 

— 

— 

— 

59 

62 

63 

65 

67 

64 

61 

60 

T 

62 

58 

56 

56 

54 

53 

50 

49 

46 

41 

37 

— 

HP 

1,120 

1,030 

980 

910 

870 

795 

740 

650 

530 

445 

375 

315 

300 E 

— 

— 

— 

— 

— 

— 

62 

64 

67 

64 

60 

60 

T 

60 

58 

56 

56 

54 

54 

52 

50 

46 

41 

37 

— 

HP 

1.150 

1,065 

1,015 

945 

910 

835 

780 

690 

575 

485 

415 

360 

350 E 

— 

— 

— 

— 

— 

— 

62 

64 

66 

64 

60 

60 

T 

60 

59 

57 

56 

54 

54 

53 

50 

46 

42 

38 

— 

HP 

1,190 

1,100 

1,055 

980 

945 

870 

815 

730 

615 

525 

460 

405 

400 E 

— 

— 

— 

— 

— 

— 

— 

63 

65 

63 

59 

58 

T 

60 

59 

57 

56 

54 

54 

52 

50 

46 

44 

39 

35 


(The fact that Tables IX and X do not quite agree is because they are based 
upon different postulates, and were also based on data received from different 
sources. The difference between “ size ’ in the two tables must be remembered. 
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In Table IX the “ size is the output in H.P. In Table X the size ’’ is 
constant at 10,000 lb./hour. The volumes of machines considered by the two 
tables change for different reasons.) 

The reason that small turbines are inefficient (smallness may be due to small 
steam flow, high pressure, high pressure drop, or any combination of these) 
is that blade clearances cannot be reduced when the length of blade or the 
diameter of the rotor is reduced. Short blades are inefficient because the 
shrouds and roots cause disturbances in the steam flow and with blades of 
^-in. or so these disturbances are felt over the whole blade length. 

The uniflow engine would show up much better than the figures in Table X 
because the loss by condensation is so much less than with a normal engine. 
The hot or inlet end of the uniflow engine is only cooled for a brief moment 
at exhaust point. During the return stroke any heat lost by the hot end goes 
into the residual steam which is being compressed, and this heat is thus trapped 
in the cylinder and not lost. During exhaust in a normal engine the whole 
cylinder and especially the inlet end is giving up heat throughout the whole 
exhaust stroke and this heat is all ejected with the exhaust. 

105 . STEAM POWER DIAGRAMS. It has been shown that it is possible 
to calculate, from the figures given in the steam tables, heat drops, superheat 
requirements, exhaust conditions, etc., without reference to any diagram. But 
the temperature entropy diagram has proved to be an exceedingly useful 
device to induce clear thinking as to what is actually going on. It has been 
shown that all the qualities that are listed in the steam tables can be read 
direct off the temperature entropy diagram. Actually some difficulty may be 
experienced when this is tried. The total heat lines are curved and are not 
evenly spaced. The pressure and volume lines are even more tiresome in 
their spacing. It is difficult therefore to interpolate values correctly. Many 
different diagrams have been tried, but two are of outstanding merit, the 
temperature entropv diagram that we have been investigating and the 
Mollier diagram. 

106 . THE MOLLIER DIAGRAM. This is a diagram constructed with 
Btu as one scale and entropy as the other scale. The area of the diagram 
is meaningless and the diagram is of little value in solving the problems 
of thermodynamical strategy, but as a tactical weapon it is superb. The 
diagram is named after its inventor. Dr. R. Mollier. A skeleton example is 
shown in Fig. 28. (A large three-colour working Mollier chart is published by 
Edward Arnold & Co., London. The values in the diagram are taken from 
Callendar’s 1939 Steam Table and will show a very slight discrepancy with the 
values given in Keenan and Keyes’ 1936 Tables.) 

Both Callendar and Keenan and Keyes give values in their steam tables 
to five significant figures. There is no divergence of any practical importance 
between the two tables. Only at very high pressures and temperatures is 
there marked deviation and this only affects the boiler or turbine designer. 
In no factory problem is there any need to attempt to get nearer than within 
about I per cent.—^it would be a hopeless task anyhow. It follows therefore 
that for practical purposes it does not matter which steam table is used. 
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107. THE USE OF THE MOLLIER DIAGRAM. In Section 100 the heat 
drop, wetness and volume were found for the exhaust condition shown in 
Fig. 19 by means of the steam table and a little arithmetic. Let us see how 
easily these answers can be found on the Mollier diagram. 

Point G in Fig. 28 shows the state point of saturated steam at 100 psi.a. 

Expansion takes place at constant entropy down to atmospheric pressure 
along line G D. 

Length G D is the adiabatic heat drop, 140 Btu. 

Point D is 89 per cent, dry and has a volume of 24 cu. ft. 

Now, in Fig. 20, the conditions are that the initial superheat at 100 psi.a. 
must be sufficient to give dry saturated exhaust at atmospheric pressure. 

Point in Fig. 28, on the saturation line at atmospheric pressure 
represents the desired exhaust state. 

Line Dj G^ shows the expansion line which cuts the 100 psi.a. pressure 
line at Gj, where the temperature is 600° F. 

The heat drop is length G^ and can be directly measured as 179 Btu. 

In Sections 103 and 104 it was shown how to find the true heat drop over an 
exhaust turbine taking atmospheric steam at 4 per cent, wet when the efficiency 
ratio is 72 per cent. This operation is exceedingly quick and easy on the 
Mollier diagram. 

Point Gg represents steam at atmospheric pressure 4 per cent. wet. 

Adiabatic expansion down to 28 in. vacuum is shown by line G2 Dg. 

The measured length of Gg D2 gives a heat drop of 163 Btu. But the 
efficiency ratio is 72 per cent, so that the actual heat drop is 72 per cent, of G2 Dg 
measured from Gg, or 117 Btu, length Gg dg. 

The exhaust must contain 994 Btu, the heat content at d2, and we know it 
is at 28 in. vacuum. 

So point Dg', where 994 is cut by the 28-in. line is the true exhaust point. 

In Fig. 17 saturated steam at 100 psi.a. was expanded down to atmospheric 
pressure by being blown into a larger volume. This is shown on Fig, 28 as 
line G G', a vertical constant total heat line. At G' we can read off the properties 
of the steam after this wiredrawing ; temperature 290° F., volume 30 cu. ft. 

Almost all published Mollier diagrams are drawn for absolute pressures. 
That is why absolute pressure has been used in this chapter. Any interested 
person should buy a good Mollier diagram. Apart from the Gallendar diagram 
published by Arnold, there is a good diagram included in the K. & K. Tables. 
Fig. 28 is too small for practical use. (See Section 805.) 

♦ ♦ ♦ 

There are many conflicting requirements in the design of a good engine or 
turbine, some of which will be discussed further in the next chapter. It is the 
reconciliation of all these contradictions that constitutes the art of the steam 
engineer. ^ 

m * * 
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CHAPTER 3 


COMBINED POWER AND HEATING 


, . To aid our cause, although we be but two. 

Great is the strength of feeble arms combined. 

HOMER. Iliad. B.G. looo 

ALL factories use pow er and heat. Some use a lot of power and relatively 
little heat. Some use comparatively little power and a great deal of heat. 
Others use a great deal of both. 

However efficient a condensing steam power plant is, it cannot convert 
more than one-third of the heat in its fuel into electrical energy. This has been 
explained in Section 88. More than half of the heat in the steam has to be 
wasted in the condenser. But quite a small plant can convert three-quarters 
of its fuel heat into steam heat, and all this heat can go to its process or to space 
heating. 

If steam, on its way to the heating process, is first passed through an engine 
or turbine, a large factory can generate power with two-fifths of the coal used 
by a first-rate condensing power plant. Quite a modest engine in a small 
factory need only use two-thirds of the coal burnt by a condensing plant. 

Many factories, using much power but little heat, generate their own power 
as a matter of course or custom. Unless these factories are using the exhaust 
steam from their engines or turbines, at least in part, they may be using two 
or three times as much coal per unit of power as the big power stations. 

108. MODERN CONDENSING POWER PLANT EFFICIENCY. Fig. 29 
shows the heat distribution in a modern power station. (IVo types of diagram 
are used—the “ Sankey ” diagram a and the “ block diagram b.) Of 100 parts 
of fuel heat only 29 parts are sent out as power. The rest is lost, chiefly as heat 
in the turbine exhaust for which there normally is no economic use. 

Fig. 24 in Chapter 2 shows a heat cycle such as is used in many large modern 
power stations and which approximates to the Sankey diagram, Fig. 29. 

It has a cycle efficiency of 44-3 per cent. 

Let us assume that its turbines are 50,000 kW, so that their efficiency ratio 
may be 81 per cent. 

The net turbine efficiency wall be 81 per cent, of 44*3 per cent. = 35*9 
per cent. 

If the generator efficiency is 98 per cent., the turbo-generator efficiency 
will be 98 per cent, of 35*9 per cent. ~ 35*2 per cent. 

A good boiler house will have an average efficiency of 85 per cent. 

So that the overall coal to kilowatts efficiency will be 85 per cent, of 35-2 
per cent. 29 • 9 per cent. 

If 4 per cent, of the current generated is used to drive the auxiliaries, 
lighting, fans, pumps, etc., the net overall efficiency wall be 

96 per cent, of 29-9 per cent. = 28*7 per cent. 
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Let US take coal as containing 12,000 Btu per lb. 

One kWh is equivalent to 3,415 Btu (Table VIII, Section 53). 

In order to generate i kWh at 28*7 per cent, efficiency we will need to 


burn coal equivalent to == Btu. 

Or just under i lb. of coal per unit (actually • 99 lb. /kWh). 

Now this is good performance obtained from a first-rate station running 
continuously on base load. 


There are a few stations working with higher efficiencies. The problem is 
one of finding a more efficient cycle that is workable. With steam reheating 
and six-stage regenerative bleeding it is possible to get a cycle efficiency of 
just over 50 per cent. The progress made is remarkable. Fifty years ago the 
cycle efficiency was about 15 per cent. This has been trebled, but it is still 
depressingly low. 

Fig. 29a shows that 105 parts of heat go into the turbine although only 
100 are contained in the fuel. This sometimes puzzles people. The answer is 
that the heat in the condensate and in the bled steam circulates round and 
round, and by so doing, increases the amount of steam that passes through the 
turbine, and thus generates more power. 


In the same way the heat put in the economiser and air heater circulates 
round the boiler. It is heat that goes back into the boiler and is added to the 
heat of the fuel. 


The big power station is only about 29 per cent, efficient. Now we all know 
that the big power station is very efficient. How can “ 29 per cent.** and 
“ very ” be reconciled ? The truth is that the big power station very efficiently 
operates a fundamentally inefficient process, because we have not yet been able 
to devise a generally useful process that can use the low temperature exhaust 
heat. During the war a process was found that could use power station exhaust. 
The power station to wffiich this process was attached at once achieved an 
efficiency of 83 per cent. So that a big power plant may have an efficiency of 
29 per cent, or 83 per cent, depending on whether the exhaust heat can be 
used or must be thrown away. 


109 . AVERAGE GRID EFFICIENCY. The big efficient stations rely in 
part for their efficiency on continuous running at almost constant load. To 
meet the peaks, stations have to be started up and run for only half the day or 
less. Naturally the more efficient stations are given the larger share of the 
running. 

An old part-time station will probably have small units. The steam pressure 
may be about 250 psi and the superheat will be low. There will be no 
regenerative cycle so that the cycle efficiency is unlikely to exceed 30 per cent. 

Take the efficiency ratio at 75 per cent. 

Generator efficiency at 95 per cent. 

Auxiliaries at 6 per cent, and boiler efficiency at 73 per cent. 
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The overall efficiency will bc 30 x *75 X -95 X *94 X ’73 = 14-66 percent. 

The coal consumption will be-—_ s=s i •95 lb. coal per kWh. 

12,000 X • 1466 

In both good and indifferent stations there is a further considerable loss for 
distribution before the current reaches the consumer. 

The provisional figures for 1943 from the Ministry of Fuel and Power 
Statistical Digest show that the average coal consumption per unit sent out ” 
was 1-31 and the average coal consumption per unit “paid for” was i*6l 
lb./kWh. This shows that the average distribution loss was 18 J per cent. For 
the purpose of discussion in this Chapter the round figure of i - 5 has been taken. 
This 18 J per cent, loss is probably an exaggeration. It includes faulty meters. 
It might be argued that 6 per cent, of the loss is due to large meters that will 
not record a very small current. The true distribution loss then becomes 
12^ per cent, which brings the average coal consumption to 1-5 lb./kWh. 
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FIG. 30. PART-TIME POWER PLANT 

A Station running intermittently must always be less efficient than one 
running continuously. There will be starting and stopping losses, banking 
losses, the auxiliaries must do relatively more—some pumping and a lot of 
lighting arc required even when the station is shut down. The result is that 
some of the peak current requires about 2| lb. of coal per unit, and the average 
coal consumption for the whole grid is about i ^ lb. of coal per unit. 

Fig. 30 shows a block diagram for a part-time station. 

Some stations are now being specially built for two-shift working. One 
of these is showing results that compare very favourably with the base load 
stations. 

110 . HEATING EFFICIENCY. Heating by steam, if properly done with a 
suitable process, is very efficient. The only losses should be the boiler losses, 
distribution-radiation, and a minimum of leaks. We are not concerned here 
with the way in which the process steam is used—that will be dealt with in 
subsequent chapters ; only with the supply of steam to the process. 


(60233) 
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The plant pictured in Fig. 31 has a large modern boiler plant with an 
efficiency of 83 per cent. The auxiliaries, fans, feed pump, etc., are taken as 
requiring 1 per cent, of the fuel energy. This is almost as much as that taken 
by a big power station and is manifestly wrong as there is no condenser water 
pumping and the feed pump will take much less power at lower boiler pressure ; 
but the figure i per cent, was taken as it was the lowest round number for 
inclusion in Fig. 31. The condensate is all returned to the boilers after the 
flash heat—Section 44—has been used in the process. The overall efficiency 
of the heat delivered to the process is 82 per cent. 




b 


FIG. 31. LARGE EFFICIENT PROCESS SlEAM PLANT 


Fig. 32 shows a small inefficient heating plant. The boilers have only an 
efficiency of 50 per cent., 4 per cent, of the total steam is used and exhausted to 
atmosphere by the boiler feed pump. The condensate is all wasted. Yet the 
efficiency (heat to process/fuel heat) is 42 per cent. 

Ill, COMBINED POWER AND HEATING. If steam on its way to process 
or space heating is passed through an engine or turbine a great economy in 
power generation is obtainable. Hg. 29 shows that three-quarters of the loss in 
a big power station is the heat in the exhaust steam. If this exhaust can be 
used for process heating it can almost be said that it does not matter how much 
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heat it contains (that is, how big the exhaust loss is) because it will not be lost. 
This is true up to a point only. The steam could have generated more power 
had we used it better. 


HEAT 

FOR 

PROCESS 



112 . POWER GENERATION LOSSES. The losses in an engine or turbine 
arc made up of the following :— 

1. Friction. 

2. Radiation. 

3. External leakage. 

4. Piston leakage ^ . . . . . 

5. Valve leakage |(>n reciprocating engines). 

6. Interstage leakage 

7. Tip leakage 

8. Blade friction 

9. Gland leakage 

10. Wire-drawing (in both). 

If the steam is being used for the production of power only, all these losses 
are real losses. But if the steam is all going to process and is merely generating 
power on its way then only the first three are definite irrecoverable losses, 
though No. 9 is often allowed to be a loss. Losses 4, 5, 6, 7, 8, 9 and 10 arc only 
losses to power generation. No heat is lost by these losses. All the heat is stiU 


^(In turbines). 
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there for use in the process. So, with certain limitations to be discussed later, 
we can say that apart from friction, radiation and external leakage IT DOES 
NOT MATTER THERMALLY HOW INEFFICIENT AN ENGINE IS 
PROVIDED THERE IS A REAL USE FOR ALL THE EXHAUST 
STEAM. Of course it does matter in practice. In most factories it is difficult 
or impossible to generate sufficient power. The more power that can be 
extracted from the steam before exhausting it the better. But the amount of 
power generated has practically no effect on the overall thermal efficiency 
provided all the exhaust steam is usefully employed. 

Another important argument in favour of extracting all possible power 
from the steam is that for a constant power requirement this will reduce the 
steam passed to the process. There will thus be an urge on the process side to 
economise steam. 

The efficiency of a cycle is shown by an available energy area on the temp¬ 
erature entropy diagram—see Chapter 2. The “ inefficiency ” is the area of 
the heat rejected to the exhaust. In a cycle where the exhaust heat is all used 
for process or space heating there is no rejected heat, so that the cycle or 
ideal efficiency is 100 per cent. 


113. GOOD COMBINED HEATING AND POWER PLANT. In a large 
plant in which the process steam, instead of going straight to process, as in 
Fig. 31, passes first through a turbine. Fig. 33, the feed pump will use more 
power because the boiler pressure is higher. As, however, the energy for the 
auxiliaries in Fig. 31 is excessive, see Section no, it will still be fair to take 
I per cent, of the heat input for the auxiliaries. 

If we assume that the plant conditions are such (high boiler pressure, 
moderate back pressure) as to give i kWh for 26 lb. of steam, 

and that the steam at the turbine inlet contains 1,300 Btu/lb. 

The fraction of heat converted into power will be — — — = • i. 

1,300 X 26 

We can therefore assume that we should convert 10 per cent of the heat 
input in our example into turbine power. 

If 7 per cent, of this energy is lost in the turbine by radiation and friction, 
and if the generator is 97 per cent, efficient, 

the actual power generated will be 10 X * 93 X •97 = 9* 

One of these units is used for the auxiliaries, so that the net power output 
will be 8. 


We can now build up Fig. 33a. This shows that we can pass the same heat 
to process as in Fig. 31, and can convert 8 energy units into power units for the 
additional use of ii fuel energy units. 


The effective generating efficiency is 


8 X 100 

II 


73 per cent. 


73 

This is — = 2 • 5 times as good as the big condensing station. 

29 

The coal consumption will be-3»4£5- 

12,000 X *73 
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The effective generating efficiency is 73 per cent., 
but the overall thermal efficiency is = 81 per cent. 

Ill 

The reason the overall efficiency is higher than the generating efficiency 
is because the turbo-generator losses and the auxiliary losses have been debited 
to power generation as well as to overall heat use and these losses represent 
a much higher proportion of the power energy. 


POWER 

8 



FIO. 33. LARGE EFFICIENT COMBINED POWER AND HEATING PLANT 


It may be noticed that the economiser figures in Figs. 31a and 33a do not 
tally. This is because with the low boiler pressure in Fig. 31 there is less scope 
for an economiser and it is assumed that with the lower boiler temperature the 
generating surface can be arranged to compensate for the smaller economiser* 

In Fig. 33 lower efficiencies have been taken all over than in Fig. 29. In 
particular, the whole of the auxiliaries have been debited against power 
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generation, when the only fair debit is the extra power needed by the boiler 
feed pump at the higher pressure. Large industrial plants can and do operate 
at the same efficiencies as the power stations. Liberal figures have been taken 
in order to be conservative. 

Fig. 33b shows the affairs of Fig. 33a in block diagram percentage form. 

Now 8 power units obtained from 11 fuel heat units is equivalent to burning 
•39 lb. of coal per electrical unit. This must be compared with just under 
I lb. of coal for the big power station and i J lb. of coal for the grid average. 


114 . INEFFICIENT COMBINED POWER AND HEATING PLANT. In 

the small plant we will assume that the steam consumption would be 
50 lb./kWh, and that the inlet steam contains 1,200 Btu/lb. 

We are therefore getting 3,415 Btu in electricity from 1,200 X 50 Btu of 
steam heat. 


As, in Fig. 32, we have assumed a boiler efficiency of 50 per cent, we shall 
get 3,415 Btu of electricity from 1,200 X 100 Btu of coal heat. 


We can therefore expect to convert 


3,415 X 100 
1,200 X 100 


or about 3 heat units 


into power units. 

We shall leave the steam-driven feed pump alone. 


Let us assume that due to leakage, radiation and generator inefficiency we 
lost I heat unit—that is 33 per cent, of the power available—then we shall 
get a net power output of 2 heat units. 

We can now build up Fig, 34a. We see that wc get the same power output 
as the energy taken by the deplorable feed pump. We also see that by burning 
6 extra fuel heat units we can convert 2 into power. 

The generating efficiency is ^ == 33 per cent.,—^rather better than the 

6 

big condensing station. 


The coal equivalent is-^54^5- _ . gg jg /j^wh. 

12,000 X ‘33 


The overall thermal efficiency of this plant is 


(42 + 2) 100 
106 


== 41 per cent. 


The efficiency of the bad small combined plant equals or exceeds power 
station efficiency because the process that combines power generation with 
heating has 100 per cent, theoretical overall efficiency. The highest theoretical 
efficiency of a straight condensing power station is about 50 per cent. So that 
the power station works under a great handicap. 

It must, however, be remembered that the efficiency of the small bad 
combined plant appears to equal or exceed the efficiency obtainable from a 
condensing power station because it is assumed that 100 per cent, of the 
exhaust steam is usefully employed in a process. In only too many factories 
-much of the process steam is wasted. Were the process extravagances 
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eliminated, it would perhaps be necessary to exhaust in part to atmosphere 
or to a condenser. In such circumstances the generating efficiency would 
drop greatly. 

Table XI compares the figures side by side. 

POWER 


2 



a b 


FIG. 34. SMALL INEFFICIENT COMBINED POWER AND HEATING PLANT 


TABLE XI. COMPARATIVE POWER GENERATING 

EFFICIENCY 


j 

GOOD CONDENSING * 

1 

BAD SMALL 

GOOD LARGE 



COMBINED POWER 

COMBINED POWER 


POWER PLANF ^ 

1 

AND HEATING PLANT 

AND HEATING PLANT 

Theoretical process efficiency 
Boiler efficiency 

Machine loss 

Coal consumption . 
Generating efficienc> 

Overall efficiency 

45% 

5% 

•99 Ib./kWh 
} 28-7% 1 

100 % 

50“/o 

30»/„ 

•861b./kWh ! 
33% 

41% 

100 % 

83% 

10% 

•39 Ib./kWh 
73% 

81% 
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115 . OTHER INDUSTRIAL STEAM ENGINES. Many factories, parti¬ 
cularly old-established mills, generate their own power as a matter of course or 
custom. If the exhaust steam can be used in whole or in part, this may be 
economical. If however the exhaust heat is thrown away into a condenser or 
into the atmosphere, it is certainly against the National interest although it 
may pay. Let us look for a moment at two cases. Take a i,ooo-H.P. engine 
exhausting into a condenser at 20-in. vacuum and taking saturated steam at 
200 psi.g. 

As the engine is taking saturated steam, the exhaust must be wet, so that 
Gibbs’ Function can be used in the working out. 

The total heat in 200 psi.g. steam is 1,200 Btu/lb. with an entropy of i *541. 

The temperature of 20-in. vacuum steam is 161° F. and Gibbs’ Function 
is 16. 

The total heat at exhaust after adiabatic expansion will be 
(460 + 161) X 1*541 — 16 = 941 Btu. 

The adiabatic heat drop is 1,200 — 941 = 259. 

The heat input is 1,200 less the heat in the feed water—say 125 Btu. 

The cycle efficiency will be ^ z= 24* i per cent. 

1,200 — 125 

From the information given in Section 104 we can estimate the efficiency 
ratio of a i,ooo-H,P. engine operating between 200 psi.g and 20-in. vacuum as 
55 per cent. 

Let us take the boiler efficiency at 70 per cent., the auxiliaries at 3 per cent., 

then the overall efficiency will be 24* I X *55 X *70 X *97 = 9*0 per cent. 

The coal consumption will be- — — - =3-16 lb./kWh. 

12,000 X *09 

We can construct Fig. 35 from this data. 

Now the average of all the grid stations is about i • 6 lb. coal per electrical 
unit at the customer’s premises. In order to compare grid current with the 
engine we must allow for the inefficiency of the motors that will replace the 
engine. Taking the electric motors at an average of 85 per cent, efficiency the 
grid current becomes, at the factory line shaft, i -88 lb. coal/kWh. It is clear 
that from the National point of view in this factory, factory generation is 
inefficient. If the engine is running principally at grid peaks then it may not 
be nationally uneconomic to use the engine ; but if the engine is running 
24 hours a day then it is most certainly against the National interest and is 
probably against the factory’s economic interest to use the engine. 

Very large industrial condensing turbine plants are sometimes more efficient 
than the power stations, because the plant in the big factory is just the same as 
in the power station and the distribution loss is saved. In some factories the 
load factor is higher than that of many utility undertakings. 

116 . DIRECT ACTING PUMPS. Nearly every steam using factory has 
direct acting steam pumps. These pumps have an efficient pumping end, but 
a very inefficient steam end. Even if there are no process pumps, the boiler 
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feed pmnp in most small factories is a direct acting pump exhausting, only too 
often, to atmosphere. 

A direct acting pump works on a non-expansive cycle—see Sections 69 
and 78—^and consequently uses none of the internal energy of the steam. 
The work available is simply the product of the pressure and the increase in 
volume of the water during evaporation. 
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FIG. 35. IjOOO-H.P. INDUSTRIAL CONDENSING ENGINE 


The increase of volume of i lb. of water at 150 psi.g. to i lb. of steam is 
2-74 cu. ft. 

The external work done per lb. of steam will be 

150 X 2*74 X 144 = 59,184 ft. lb., 
or, dividing by 778 (see Table VII), 76 Btu. 

The total heat of saturated steam at 150 psi is 1,197 Btu/lb., so that the 
cycle efficiency is = 6 • 35 P^r cent. 


79 




§ii6-ii7 the efficient use of steam: chap. 3 

If the efficiency ratio of the steam end of the pump is 50 per cent, and 
the boiler efficiency is 65 per cent, the net efficiency will be 2 per cent. 

This deplorable figure is equivalent to - - -- - = 14 lb. coal/kWh. 

12,000 X .02 

The heat distribution of the steam end only of this terrible machine is 
shown in Fig. 36. 

POWER 


POWER 

exhaust loss 


BOILER LOSS 

a b 

FIG. 36. NON-EXPANSIVE NON-CONDENSING PUMP 

Some direct acting pumps have a valve gear that allows for a slight amount 
of expansive working, but in practice the bye-pass steam has usually to be 
used to make the pump complete its stroke. 

If the pump is replaced by an electrically-driven pump a great improvement 
in efficiency is secured at the driving end, but things deteriorate at the pumping 
end. If a reciprocating pump is employed the pump discharge must always be 
in excess of maximum demand, and when reduced quantities are needed the 
surplus must be bye-passed. This is wasteful. If the reciprocator is replaced 
by a centrifugal pump a serious drop in pump efficiency occurs, especially 
when pumping against high heads. The churning against a checked discharge 
valve wastes much power. The easy way out is to retain the steam pump and 
to use the pump exhaust for heating. 

117 . THE EVILS OF REDUCING VALVES. The process carried out by 
a reducing valve is shown in Fig. 17 and is described in Section 74. All that a 
reducing valve does is to increase entropy without getting anything in exchange. 
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Reducing valves are, of course, often essential, but their use should be 
reduced to the absolute minimum. 

A reducing valve is, from a thermodynamic point of view, an invention of 
the devil. It sets out to degrade good heat ; to dissipate the good high potential. 
It performs this vile task to perfection until it goes wrong. The use of a reducing 
valve might be called an admission of defeat. It is the easy way out. A reducing 
valve can often be replaced by one of three things : an engine, a steam 
accumulator or an evaporator. The substitution of engines for reducing valves 
is the main theme of this Chapter. Where the pressure drop or the steam 
quantity does not warrant the use of an engine, an accumulator may level out 
peaks and prevent safety valve blows and pressure drops. 

Many factories would improve their processes very much had they an 
ample supply of distilled water. Some factories have to throw away much of 
their condensate because it gets contaminated in the process—^for example, in 
the curing of rubber. An evaporator in place of a reducing valve would supply 
the missing condensate as distilled water. The evaporator will supply the 
required low pressure steam to process while the high pressure steam is turned 
into pure condensate. 

This process increases entropy and degrades the good potential in the high 
pressure steam ; but it gives us somethftig useful in return. Accumulators and 
evaporators are dealt with in subsequent chapters. 

A reducing valve is sometimes excused on the grounds that the wire-drawing 
dries wet steam. This is true, but the drying effect is very small and the process 
is overrated, see Section 182. 

The distinction between a surplus and a reducing valve needs clarification 
because many of the so-called reducing valves in manufacturers’ catalogues arc 
not reducing valves but are surplus vahes. A true reducing valve is a valve 
which maintains a steady pressure on the low pressure side of the valve and 
whose sole impulse is obtained from the low pressure. A surplus valve is simply, 
in principle, a safety valve discharging into a low pressure pipe. When the 
pressure on the high pressure side of the valve reaches a certain value the valve 
opens. Many valves, such as the Ruths accumulator valve combine surplus 
and reducing qualities. It is no use buying a valve that is called a reducing 
valve when it is really a surplus valve, and expecting it to provide a steady 
pressure in the low-pressure main. 

Ways of getting rid of reducing valves by means of special engines or 
turbines, called “ pass-out ” machines, are described in later sections. 

Reducing valves, like any other plant, can occasionally go wrong and stick 
open. It is therefore essential that the plant fed by the reducing valve be 
provided wilh an adequate safety valve. This precaution must NEVER be 
forgotten. 

118 , COMPARATIVE GENERATING EFFICIENCIES. It is interesting 
and very instructive to tabulate the coal consumed per electrical unit with 
various methods and machines. Table XII assumes that the whole of the 
exhaust steam from the back pressure machines is being usefully employed ip 
the process. 
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(An engine that generates power and exhausts to process must work against 
a higher exhaust or ‘‘ back ” pressure than one exhausting to atmosphere or 
into a condenser. An engine or turbine exhausting to process is called a 
“ Back Pressure ” machine.) 

119 # BOUGHT POWER. Table XII shows that from a National point of 
view to safeguard our dwindling coal assets, every steam-using factory should, 
if possible, raise steam at such a pressure that the steam can first generate power 
before being passed to the process. 

Whether it pays from a s.d. point of view to buy power or to generate it 
depends solely on the cost of power generation and on the price that must be 
paid for the public supply. 


TABLE XII. APPROXIMATE COAL CONSUMPTION OF 
POWER GENERATION 



APPROX. LB. COAL 
PER KWH 

Back pressure—large good. 

•4 

Back pressure—small bad. 

•9 

Public supply—base load. 

10 

Public supply—average 

1-5 

Public supply—peaks . 

2-7 

Large industrial condensing engine 

3-2 

Non-expansive non-condensing pump 

14-0 
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FIG. 37. COMPARATIVE METHODS OF POWER GENERATION 


The cost of back pressure power is dealt with in the next section. In 
comparing these costs with bought power the purchased current must be 
brought to a comparable basis. That is to say, maximum demand charges, 
whether imposed as an inducement to use more current or for discouraging the 
overloading of a distribution or generating system, must be converted to cost 
per unit. If the tarifF is also complicated with power factor and coal clauses 
the real cost can only be obtained by dividing the total money paid to 
the Supply Company by the units used. 
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The block diagrams from Fig. 29-36 are collected together for easy 
comparison in Fig. 37. 

120. THE COST OF BACK PRESSURE POWER. Wc"" have seen, in 
Sections 113 and 114, that the coal used in the production of electrical power 
by means of back pressure plant will probably lie between *4 and *8 lb./kWh. 
Goal at 50J. a ton is worth • 268^. /lb. So that back pressure electricity will cost 
between • i and * 2rf. per unit for coal only. To this must be added the charges 
on the capital needed to pay for the extra plant including any necessary 
provision for standby or week-end supply. There are no extra running charges 
of any size on the boiler plant. The boilers and their staff have to be there 
anyhow. Maintenance and engine driver must be included. 

Table XIII shows the costs in two London Factories, the author’s and a 
friend’s. 


TABLE XIII. BACK PRESSURE POWER COSTS 
WINTER 1943/44 


Size of plant—kW 

.. 350 

4,000 

Hours per week 

.. 70 

140 

Coal consumption—Ib./kWh .. 

•6 

•4 

Coal cost . 

•15 

•10 

Overheads and depreciation .. 

•26 

•09 

Maintenance. 

•08 

•03 

Labour . 

•12 

•03 

Miscellaneous. 

*02 

•02 


•63d./kWh •27d./kWh 


In the case of the smaller set the factory is only in steam/power balance in 
the winter. During the summer the steam load is much reduced, some current 
has to be taken from the grid and the generating cost goes up to about * 75</. 
In the case of the author’s factory there is little difference between summer and 
winter conditions. 

We have seen in previous Sections that when steam passes through a back 
pressure engine or turbine it suffers a heat drop. This heat drop represents 
the energy turned into useful power together with the energy needed to make 
good the following losses :— 

Leakage. 

Radiation, 

Friction. 

Generator loss. 

Any leakage is a dead loss to process. How far it is a loss to power depends 
on the point in the machine where the leak occurs. In any case leakage loss 
must be debited to power generation because the leak is caused by the attempt 
to generate power. 
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The adiabatic heat drop, as calculated or found on a Mollier diagram, 
when divided into 3,415 (the electrical equivalent of heat) gives the ideal steam 
consumption of a perfect machine. Suppose the actual steam consumption is 
double the ideal ; this means that the machine is losing half the available heat 
drop. The loss of heat drop is only lost to power generation, most of it goes out 
in the exhaust to process. 

It is difficult to calculate in advance the real heat used by a back pressure 
machine. The adiabatic heat drop has nothing to do with it at all—though 
some engineers try to calculate back pressure power cost from the adiabatic 
heat drop and get very wrong results in consequence. The difference between 
the adiabatic heat drop and the actual heat drop is energy lost to power generation^ 
not that lost to the power-cum-process as a whole. Most of the adiabatic loss 
goes out in the exhaust steam which goes to process and is not lost. 

Some engineers take the view that by taking the ideal steam consumption 
and the actual steam consumption they can find the heat drop—this is not true 
in a back pressure machine. An absurd example will make this clear. Suppose 
an engine is generating power with 30 lb. steam/kWh. Now suppose the steam 
consumption is raised to 40 lb./kWh in two ways, first by drilling a small hole 
in the piston and second by removing the cylinder lagging and spraying cold 
water on the cylinder. In both cases 10 lb./kWh is lost to power generation, 
but in the first case no heat is lost, it goes through the hole to process ; in the 
second case the heat consumption, and therefore the steam cost, is increased 
four-fold because lo lb. of steam per kWh is condensed and its heat is lost to 
the process. No Mollier diagram or steam meter can distinguish between 
these processes in the absence of measurement of the exhaust steam quality. 

Therefore to ascertain back pressure coal consumption it is no use taking 
notice of the steam consumption unless the exhaust quality can be measured. 
The only heat consumed is the electrical heat equivalent and the true machine 
losses. 

If there is no appreciable leakage the real heat drop over the machine can 
be found by taking a sample of the exhaust steam and measuring its quality by 
calorimeter. The measurement of steam quality, or “ calorimetry ”, is dealt 
with in Sections 213 and 234. The coal consumption per kWh is 

Steam flow X Real heat drop X 100 
Electrical output X G.V. of coal x Boiler efficiency 

In the larger machine referred to in Table XIII the exhaust is superheated 
and the total heat in the exhaust steam is easily found by means of a thermo¬ 
meter and a pressure gauge. (If the exhaust is wet, both sampling and 
calorimetry present great difficulty.) 

The following figures were obtained on a light load :— 


Steam flow (corrected for H.P. gland) 

.. 71,500 lb./hour. 

Initial total heat 

1,325 Btu/lb. 

Exhaust total heat 

1,202 Btu/lb. 

Electrical output 

2,250 kW. 

Calorific Value of coal.. 

12,000 Btu/lb. 

Boiler efficiency.. 

81 per cent. 
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This gives :— 


§ 120 


71 ,500 X (i>325 — 1,202) X 100 

2,250 X 12,000 X 81 


•402 lb. coal/kWh. 


Now a correction has been made in the foregoing calculation for the steam 
that leaks from the damaged H.P. gland and is piped to the 10 psi main. The 
actual steam consumption was 75,000 lb. and the metered H.P. gland leak was 
4,000 lb./hr. Some of the gland leak steam will have passed through the first 
wheel and done some work. It has been assumed that the work done on the 
first wheel by the gland leak steam Is equivalent to 500 lb./hr. passing through 
the whole turbine, so that the steam consumption has been taken as being 
75,000 — 4,000 -f- 500 71,500 lb./hr. 

On the other hand some small amount of steam actually does escape into 
the engine room and this steam has been assumed to have gone to process^ 
But the quantity is so small that it can safely be ignored. 

Had the gland steam gone to atmosphere or to a condenser its loss should 
have been debited in toto. Assume that 4,000 lb. steam/hour had blown to 
atmosphere from the H.P. gland, then 4,000 x 1,325 == 5,300,000 Btu must 
be added to the heat used in the above fraction. (This assumes that the leaking 
steam has done no work in the first wheel.) The fraction then becomes :— 

{5,300,000 + (71,500 X 123)} 100 

J__ = *644 lb. coal/kWh. 

2,250 X 12,000 X 81 

This shows how very important it is to reduce leaks to a minimum, and, 
where leaks may be large, to catch the leak and use it. If the gland leak had 
been ignored the calculation would have been 


75,000 X 123 X 100 

2,250 X 12.000 X 81 


•422 lb. coal/kWh. 


If there is no way of measuring leakage the losses must be estimated by an 
experienced engineer or tlie makers should be asked to give an estimate ; but 
the efficiency ratio is useless, only the real losses are wanted, namely :— 


Radiation. True leaks. 

Friction and windage. Generator losses. 


TABLE XIV. APPROXIMATE BACK PRESSURE POWER 

HEAT CONSUMPTION 


SIZE OF SET 
RW 


3,000 and over I 
1,000 to 3,000 
250 to 1,000 ' 

100 to 250 I 
50 to 100 

Less than 50 


BTU TAKEN FROM 
STEAM PER KWH 


3,415 X M 
3,415 X M25 
3,415 X 1*15 
3,415 X M75 
3,415 X 1-2 

3,415 X 1-25 
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In the absence of any real information, Table XIV gives a rough indication 
of what may be expected from machines in first-class order, where the gland 
steam of turbines is used for low pressure process purposes. 

121 . THE WILLANS LINE. There is an important point about the steam 
consumption of engines that must be considered before we investigate further 
the best way of generating power. 

Fig. 38 shows the steam consumption of a 350 H.P. steam engine working 
with an initial pressure of 200 psi.g. against a back pressure of 20 psi.g. From 
the curve we can tabulate the steam consumption thus :— 


Horse 

Steam 

Steam 

No-Load 

Useful 

Useful Steam 

Power 

Ib.Ihr. 

lb. j H.P.! hr. 

Steam 

Steam 

Ib.lHP.Ihr. 

50 

4.550 

91 

3.700 

850 

17 

100 

5,400 

54 

3.700 

1,700 

17 

150 

6,300 

42 

3.700 

2,600 

17 

200 

7,100 

35 

3.700 

3.400 

17 

250 

8,000 

32 

3.700 

4,300 

17 

300 

8,800 

29 

3.700 

5.100 

17 

350 

9.700 

28 

3.700 

6,000 

17 


The very high no-load consumption of this particular engine is due to its 
working against a back pressure. At no load it is taking steam not only to make 
up for losses, but also to push the piston up and down against the back 
pressure. This question is discussed more fully in Chapter 7. 



This tabulation shows that just to make up for the losses, keeping the engine 
warm, overcoming friction, pushing the piston up and down, etc., requires 
3,700 lb. of steam per hour. Were the engine exhausting into a condenser 
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less Steam would be taken. At all loads it is very interesting to see that the 
actual power producing steam is constant at 17 lb./horse power/hour. This 
constant steam consumption per horse power can be proved theoretically and is 
known as Willans Law, and the graph showing the steam consumption of an 
engine as a straight line with its origin at the no-load consumption is called the 
“ Willans Line ” (after P. W. Willans who discovered this relation in 1888). 

The steam consumption of an engine or turbine is therefore made up of 
two parts. A constant quantity which turns the engine, overcomes the back 
pressure and makes up for the losses—this is the “ fixed steam ; and a quantity 
which is directly proportional to the output of the engine and which actually 
does the work—this is called the “ marginal ’’ steam. 

The Willans Line is only straight in a turbine or in an engine that is throttle 
governed. If the engine is cut-off governed the line is curved. Galling the 
steam consumption S and the horse power P the formula for the Willans Line 
is :— 

S = a + bP 

where a is the “ fixed steam and b is the variable or “ marginal ” consumption 
per H.P. In the particular engine under consideration the formula is ;— 

S = 3,700 + 17P 

It is possible to make the Willans formula rather more useful by taking 
readings at different back pressures and by introducing a back pressure term, 
provided the back pressure is the principal cause of the fixed steam consumption, 
as it is in a turbine. In the case of the turbine in the author’s factory the Willans 
lines at various back pressures enable the following formula to be used with very 
fair accuracy over the ordinary running range :— 

S = (360 X Absolute Back Pressure) + (23-5 X kW) 

Suppose that the process requires 100,000 lb. steam per hour at a back 
pressure of 70 psi.g. the power that the turbine can give will be a maximum of 
2,950 kW. If the back pressure can be reduced to 50 psi.g. an additional 310 kW 
can be generated from the same amount of steam. 

122 . WILLANS LINE FOR TWO ENGINES. Fig. 39 shows the Steam 
consumption plotted against output for a plant with two small engines. Each 
set has an output of 175 kW and the no-load steam consumption is 3,000 lb. 
steam/hour. In this factory the normal process demand in summer is 6,000 
lb./hr. This is well within the capacity of one set. In winter the steam demand 
rises to 12,000 lb./hr. and it is then necessar\' to run both sets, so as to use the 
power producing properties of the steam to the full. It will be seen that if 
more than 175 kW are needed when only one set is running, the starting up of 
the second set will cause a sudden extra output of 3,000 lb. steam/hr. from 
which no power whatever is produced. If much running has to be done with a 
set-and-a-quarter or a set-and-a-half in summer, it would be much more econo¬ 
mical to have a larger engine which, although it would have a larger no-load 
consumption, would not have so large a no-load consumption as the two small 
sets combined, and its marginal consumption would be less. The broken line 
in Fig. 39 is the Willans Line for one 350 kW set. 
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123. THE STEAM/POWER RATIO. Industries fall roughly into three 
categories. The first, large steam users whose steam demand is so great that 
they can generate more than sufficient power for their needs. The second 
group comprises those factories whose power and steam requirements are in 
balance. The third, those industries whose power requirements are greater 
than can be met by using back pressure generating machines. There is a 
constant flow' of factories from the first and second categories towards the second 
and third. The more efficient the factory the more certain and speedy is its 



transition from adequate power producing caj)acity to definite power shortage. 
The reasons for this drift are simple. Every economy of steam in the heat-using 
processes reduces the amount of steam availal:)le for power generation. Ivlost 
technical improvements reduce steam demand and increase power demand. 
Every labour-saving improvement increases power demand. 

Some iiidiistries have reached the point where attempts to balance steam 
and power are now hopeless in an efficient factory, and the fact is accepted, as 
a matter ol'course, that some power must be generated without using the exhaust 
steam—such an industry is the paper industry. 

Some industries are only just beginning to realise that there is a steam-power 
problem. The a\erage Laundry can generate all the powder it needs from its 
process steam, but a really go-ahead Laundry has difficulty in supplying its 
power needs. 

124. RECONCILIATION OF STEAM AND POWER DEMANDS. In that 
large group of factories where the demand for power exceeds the amount 
which can usefully be generated by means of back pressure working alone, 
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the difference must be made up by one or a combination of the following 
methods :— 

(a) By lowering the back pressure. 

(b) By blowing off exhaust steam, 

(c) By installing a separate condensing set. 

(J) By buying electricity from the public supply. 

(e) By installing a pass out machine. 

(f) By installing an exhaust turbine. 

(g) By installing a mixed pressure turbine. 

(A) By installing a vacuum turbine. 

(e) By installing some form of heat accumulator. 

(j) By increasing the feed water temperature. 

(A) By supplying exhaust steam to a neighbour. 

(/) By running a power economy campaign. 

There may be some machines named in tiiis list whose functions are not 
obvious. Here are definitions :— 

Condensing Engine or Turbine, A machine exhausting into a condenser 
and taking steam at boiler pressure unless otherwise qualified. 

Back Presmre Engine or Turbine. A machine taking steam at boiler 
pressure and exhausting into a pipe which leads neither to a condenser nor 
to atmosphere, but to another machine or process. 

Pass^out^ Bleeder or Extraction Engine or Turbine, A machine where, at 
some point intermediate between inlet and exhaust, some steam is extracted 
or passed out at a pressure above exhaust pressure. 

Mixed Pressure Turbine, A machine supplied with more than one steam 
supply at, generally, widely differing pressures. 

Exhaust Turbine, A turbine whose only steam supply has been exhausted 
from another turbine or engine. 

Vacuum Turbine. A turbine taking steam from a process at below 
atmospheric pressure. 

These machines are often combined and their functions will be clear from 
their names. For example, “ A Multiple Pass-out Back Pressure Engine 
means that the engine exhausts to a process or another machine, and that steam 
is drawn off from the engine at more than one pressure above exhaust pressure— 
this means that the engine must necessarily be triple or quadruple expansion 
Or again, “ A Pass-out Exhaust Condensing Turbine ’’ means a machine whose 
steam supply is the exhaust from another machine, which exhausts into a 
condenser and which passes out a supply of steam at some pressure intermediate 
between admission and exhaust. 

125. CHOICE OF BACK PRESSURE. The advantages for power produc¬ 
tion of raising the boil(T pressure are fairly obvious, but a mucli greater gain 
can be secured by reducing the exhaust pressure. Almost exactly the same 
gain results from reducing the exhaust pressure from 15 psi.a. to i psi.a. as by 
raising the initial pre^ssure from lOo to i,ooo psi. Fig. 40 shows the advantage 
of raising the initial pressure and lowering the back pressure by 10 psi on an 
engine working between 150 and 40 psi.a. This is a pressure/volume or ideal 
indicator diagram and the area shows the power available. 
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The reason the gain from raising the initial pressure is so small is that this 
increased pressure only operates over about quarter of the stroke, whereas the 
reduced back pressure operates during the whole stroke. In the same way the 
gain with increased initial pressure operates on the small end of a turbine while 
reduced back pressure operates on the big end. 



FIG. 40. COMPARATIVE GAINS BY ALTERING INITIAL AND EXHAUST PRESSURES 

In considering the installation of back pressure plant the first thing to settle 
is the back pressure—the lower the better. It may be that steam is being raised 
at 150 psi, fed to a reducing valve where the pressure is reduced to perhaps 
80 psi, and then distributed to various points where it is still further reduced. 

Whatever the pressures actually in use, every effort should be made to reduce 
them. In many places in this book the virtue of using the lowest possible process 
pressure is proclaimed. If each process is separately examined, it is seldom that 
some reduction in pressure is not found to be possible. The use of steam for 
process is to put heat into a product. The hotter the product, the hotter (and 
therefore higher pressure) must the steam be. So the first thing is to ensure that 
the processing temperature is as cool as possible. Only a few processes require 
a fixed definite processing temperature. Such fixed temperatures occur in 
the curing of rubber, the moulding of plastics, etc. Having fixed the pro¬ 
cessing temperature, it is then necessary to find out how small need be the 
temperature difference between the heating steam and the process material. 
If the heating is done by direct injection, there may even be no need for a 
temperature difference at all. (There aie even cases, in sugar or caustic 
solutions for example, where steam injected into the solution can raise the 
temperature of the solution above its own steam temperature. This is not 
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contrary to the Second Law of Thermodynamics and is discussed in more detail 
in Chapter 25.) If the heat is supplied through a heating surface, it may be 
possible to reduce the temperature difference by increasing the heating surface, 
by increasing the movement of the material, by circulating the steam, by 
ensuring that the steam is free from air or gas, that the condensate is properly 
drained, etc. These things are discussed in other Chapters. 

When the processing steam pressures for all parts of the plant have been 
decided upon it will probably be found that a considerable range of pressures 
is required. It is necessary to estimate or measure the steam consumption at 
the various pressures. Assume that the following quantities of steam are 
needed at the following pressures, and that the boilers are in good condition 
and do not warrant renewal and lliat their working pressure is 200 psi.g. :— 

Steam Pressure 

1,000 lb./hr. 50 psi.g. 

5^000 ,, 20 ,, 

„ 5 


If we select 50 psi as the exhaust pressure the whole 11,000 lb. of steam per 
hour can be passed through the engine. If we select 20 psi as the exhaust 
pressure 10,000 lb. can be used in the engine, the 50 psi steam being blown 
direct through a reducing valve. Reference to Table X, Section 104, and a 
little interpolation enables us to tabulate thus :— 

Exhaust Steam available Power obtainable 

pressure for engine {reciprocator) 


50 psi.g. 
20 „ 

5 .. 


11,000 lb./hr. 

10,000 5, 

5,000 „ 


260 H.P. 
3^1 » 

207 „ 


It is obvious that we should choose 20 psi as the back pressure in this simple 
example. This will mean that the 50 psi steam must be reduced direct from the 
200 psi main through a reducing valve, and the 5 psi steam must be reduced 
from the 20 psi back pressure main, or better, through some piece of plant 
which will do useful work. 


126 . BLOWING OFF EXCESS EXHAUST STEAM. The second method 
of bridging the power gap listed in Section 124 is blowing off the excess exhaust 
steam to atmosphere. This may appear at first sight to be very wasteful. Of 
course it is ; but it is not necessarily so wasteful as it appears and may not be 
so wasteful as some of the other possibilities. 

Look again at Fig. 38. The no-load steam consumption of this engine is 
3,700 Ib./hr., most of it passing straight through the engine. If the process 
requires 3,700 lb./hr. then any power generated by the engine will call for 
17 lb./H.P./hr. which must be blown-ofl' to atmosphere. On the face of it the 
engine uses about 30 lb. of steam per H.P./hr., but the actual amount of steam 
to be blown away is only 17 lb./H.P./hr. provided the process is using the 
no-load steam from the engine. So long as the exhaust steam is being 
properly used most of the time for process or heating, it may be more 
economical to blow off occasionally than to abandon back pressure generation. 
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As an economical back pressure machine, this engine is probably using 
3,415 X i-i8 Btu/kWh. 

If the boiler house efficiency is 70 per cent, and the coal contains 12,000 
Btu/lb., the coal consumption will be 


3,415 X 1-18 
12,000 X *7 


•48 Ib./kWh. 


If, to generate extra power, 17 Ib. of steam per H.P. or 22*8 lb./kWh have 
to be blown off, the whole of the heat in tliis blown-off steam will be lost. 


The coal consumption under these conditions, for th6 blown-off steam, 
with the same boiler house efficiency, will be :— 


22-8 X 1,170 
12,000 X *7 


3-i8 1 b./kWh. 


Now the average grid coal consumption is i *5 lb./kWh. We can find how 
much power it is Nationally economical to generate by blowing off thus :— 

Let = the fraction of blow-off power. 


Then 3-18^ + (i — a:) *48 =1*5 


2 • 7a: — 1-02 
a: = -378 

Therefore three-eighths of the power can be generated by blowing off, with 
this particular engine, and the other five-eighths by back pressure working in 
order that the coal used will just equal average grid consumption. 

By equating costs instead of coal, the amount of power that it pays to generate 
by blowing off can be found. 


127 . SEPARATE CONDENSING SET. If the increased power demand, 
which cannot be met, is due to an increased electrical load, so that the existing 
set is fully loaded, then the decision lies between a separate condensing set and 
one of the other methods, and the argument is fairly simple. If, however, the 
shortage of power is due to a saving in process steam demand, then things are 
not quite so straightforward. If we consider the plant to be of the same size 
as we have considered in Section 121, then the additional plant that is being 
considered will probably be of less than 200 H.P. 

An engine of this size taking steam at 200 psi will use something over 20 lb. 
of steam per H.P./hr., when exhausting to a condenser. 

But we have seen in Section 126 above that by blowing off we shall only 
waste 17 lb. of steam per H.P. So clearly it is not only more economical in this 
case to blow off, but we save the cost of the new set. The reason for this 
apparently strange state of affairs is that with the back pressure set we arc only 
blowing off marginal steam, whereas in the new small condensing set wc have 
to use marginal and fixed steam. 

128 . BUYING FROM THE PUBLIC SUPPLY. From the National point 
of view it is better to purchase current from the grid than to blow off or to use 
a small condensing set. If the excess load is a constant load, the grid can always 
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beat the coal consumption of non-back pressure industry. If the load coincides 
with grid peaks the advantage of the grid may disappear. 

It very often pays to generate part of the electrical demand and purchase 
the remainder from the public supply. Unfortunately difficulties often arise 
when an attempt is made to run in parallel with the grid. These are discussed 
in Section 804. The result of these difficulties is to encourage the purchasing 
of the whole of the power requirements. This is extravagant and wrong from 
the National point of view, as far as coal consumption is concerned, if the 
factory has a boiler plant. Another choice is to generate the whole of the 
power by means of the factory back pressure plant blowing off the surplus 
exhaust that the process cannot use. This is also extravagant but it may not be 
nearly so extravagant as the complete abandonment of back pressure power 
generation. 

A compromise is to split the electrical circuits into two and run one section 
on the public supply and the other from the factoiA’^ power plant. 

129 . ENSURING THE MINIMUM BLOW-OFF. If steam is to be blown 
off for short periods to allow extra power to be generated over and above that 
which can be produced from the process steam, it should be blown off deliber¬ 
ately and not simply left to find its own way out by some safety valve. In the 
case of the engine whose performance figures are given in Fig. 38, the inlet 
pressure is 200 psi and the back pressure is 20 psi.g. The safety valve on the 
20 psi line is probably set to blow at 25 psi.g. If the engine back pressure is 
allowed to rise to 25 psi.g. the steam consumption of the engine will increase 
from 17 Ib./II.P. to the c(|uivalent of say 18.^ Ib./H.P., due to the increase in 
the fixed steam needed to overcome the higher back pressure. When it is 
known, therefore, that blow-off must occur, the back pressure should be kept 
down so that the amount of steam to be blown away will be kept to the minimum. 
It goes against the grain with many engine drivers to blow steam to atmosphere 
deliberately when, by leaving it to the safety viilve, which has not yet opened, 
this steam would seem to be saved. But leaving it to the safety valve ensures 
that more tlian is necessary Avill eventually be blown away. The best method 
of securing the desired result is to have two valves. The normal safety valve, 
on which the safety of the plant depends, and a second relief valve which is 
set about 5 psi lower and can be brought into use by opening a stop valve in 
front of it. 

The cumulative evil of increasing back pressure should always be borne in 
mind. Let us say that an engine or turbine is running on a steady load and 
exhausting to a steady process at a satisfactory back pressure. If now a part 
of the process is shut down, the back pressure rises ; this calls for more steam 
for the engine, which makes the back pressure even higher, and so the vicious 
circle goes on. While this is happening the other end takes a hand. The 
increased governor opening slightly lowers the boiler pressure so that to get the 
necessary power the governor opens still wider. Many back pressure factories 
have experienced the maddening state of affairs when the boiler pressure is low, 
the engines are flat out, low pressure safety valves are roaring and still the 
needed power is not being produced. 


( 66233 ) 
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130 . PASS-OUT MACHINES. A pass-out machine can be either a 
compound or triple expansion reciprocator or a turbine. The machine is 
connected at its exhaust end with a condenser. At some suitable point in the 
expansion (in a turbine) or between the H.P. and L.P. cylinders (in a recipro¬ 
cator) a connection is brought out which passes out the necessary steam to the 
procers. The effect of this is to combine in one machine a back pressure set 
and a condensing set. It might be thought that this would greatly reduce the 
losses by concentrating them all in one machine. There is, however, a new loss. 
If a back pressure set provides most of the power and is supplemented at peaks 
by a condensing set, the latter can be shut down and its losses cut off when the 
electrical demand is small enough to be met by the back pressure set alone. 
In a pass-out turbine some steam must always be passed through to the con¬ 
denser in order to keep the low pressure end of the turbine cool. This may 
sound surprising, but if the low pressure end were allowed to revolve in stagnant 
vapour, the churning by the blades would soon raise the temperature to a 
dangerous level. In the same way some steam must be passed through the 
low pressure cylinder of a pass-out reciprocator lest it become a pump. The 
result of this at light loads is unfortunate. Some steam, passed through the low 
pressure end, must be condensed and its latent heat lost. This steam, under¬ 
going the full pressure drop, generates a relatively large amount of power. 
This results in there being less available to pass out to the process, which may 
have to call on the reducing valve to make up the shortage direct from the high 
pressure main. 

A pass-out machine is not therefore necessarily the ideal machine if the excess 
power demand is only rare. The condensing pass-out machine has its best 
application where the process always, or almost always, calls for considerably 
less steam than is necessary to produce the power load. A pass-out turbine 
will work best if the pass-out quantity is relatively steady and especially if the 
pass-out pressure can be allowed to vary. In many ways a reciprocating 
engine makes a better pass-out machine than does a turbine. A tandem 
compound engine is much more adaptable to j;ass-out working than a cross 
compound. This point is discussed again in Section 15b below. 

131 . BACK PRESSURE PASS-OUT AND MULTIPLE PASS-OUT 
SYSTEMS. Where the process calls for several pressures a decision has to be 
made as to the best back pressure to select. Tliis was discussed in Section 125. 
In the example given in Section 125 the process called for three different 
pressures. It was decided that the best back pressure to use for a straight back 
pressure set was the intermediate process pressure, the low pressure supply 
being reduced from the back pressure main and the high process pressure being 
reduced from the high pressure main. This example is rather too small a plant * 
for the application of a multiple pass-out turl^ine and the pressures are not 
suitable for the use of a triple expansion engine, but a compound engine might 
give good results if steam were passed out between the high and the low pressure 
cylinders. 

I'he steam requirements to process are repeated at the top of the next page. 

We should put the whole 11,000 lb. into the engine at 200 psi and the H.P, 
cylinder would exhaust at 50 psi. 6,000 lb. would be passed out at 50 psi and 
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Qjiantity^ 

Pressure, 

Ib.Ihr. 

psi.g. 

1,000 

50 

5,000 

20 

5,000 

5 

11,000 



5,000 of this pass-out steam would be reduced to 20 psi. The remaining 
5,000 lb. would go into the low pressure cylinder and would exhaust at 5 psi. 

With 11,000 lb. of steam per hour we find from Table X that we can expect 
an efficiency ratio of about 64 per cent between 200 and 50 psi, 

and that the ideal engine horse power will be 375 X i * i = 413 H.P. 

So that we can expect to get 264 H.P. from the high pressure cylinder. 

5,000 lb. of steam will go through the low pressure cylinder from which 
we can expect an efficiency ratio of about 55 per cent. 

We must calculate the heat drop over the low pressure cylinder and must 
first find the state of the steam at the high pressure cylinder exhaust. 

The total heat of 200 psi.g. saturated steam is 1,200 Btu. 

We have assumed that we shall get 264 H.P. from 11,000 lb./hr. of steam 

so that the real heat drop will be ^51 Btu/lb. 

11,000 

The exhaust from the high pressure cylinder will therefore contain 
1,200 — 61 I >139 Btu/lb. 

The temperature of 50 psi.g.*^ steam is 298° F. at saturation 

and Gibbs’ Function = 62, 

so the entropy at exhaust will be ^ = i *584. 

The temperature of the 5 psi.g. steam exhausting from the low pressure 
cylinder is 227° F. and “ G ” — 35. 

So that the total heat in the low pressure exhaust will be 
(227 + 460) I -584 — 35 = b053 Btu. 

The adiabatic heat drop over the low pressure cylinder is i, 139 — i ,053 = 86. 

At an efficiency ratio of 55 per cent, the actual heat drop will be 

86 X *55 = 47 Btu. 

The expected low pressure horse power will be — = 02 H.P. 

2,545 

So the total horse power from both cylinders will be 264 + 92 == 356, 

instead of 361 with the straight back pressure engine exhausting at 20 psi. 
This shows virtually no gain over straight back pressure working. 


T>o 
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This calculation is an over-simplification. It should be corrected thus : 
The entropy of saturated 50 psi.g. steam is i • 638. 

The entropy of evaporation is i * 1204. 

The wetness of the H.P. cylinder exhaust is ^ ”=4 *49 cent. 

I * 204 

For every 100 lb. of dry saturated steam required at the H.P. cylinder 
exhaust, we shall have to put in 104*7 lb. of 200 psi steam into the engine. 

The total heat in the 5 psi exhaust is 1,053 and the total heat at 5 psi 
saturation is 1,156, the latent heat being 961. 

The wetness in the 5 psi exhaust (assuming the moisture in the H.P. exhaust 


was removed in a separator) will be 

^ ^ 9G1 


10*7. 


To get 5,000 lb. of 5 psi process steam from the L.P. exhaust we must put 
5,600 lb. of 50 psi steam into the L.P. cylinder. 


To get 1,000 lb. of 50 psi steam for process, 5,600 for L.P. cylinder and 5,000 
foi 20 psi process will call for (1,000 + 5)6oo + 5?ooo) 104*7 = 12,145 
into the H.P. cylinder. 


We shall thciefore get -^4 ^ 292 horse-power from the H.P. 

" 11,000 

cylinder and ^ = 103 from the L.P. cylinder—a total ol 305 horse- 

5,000 

power for an extra steam input of 1,145 lb./hr. 


The straight back pressure engine must be similarly corrected for exhaust 
moisture. We shall need to put in 10,525 lb. instead of 10,000 lb. and will get 
380 horse-power instead of 361. lliis shows die pas.>-out machine as slightly 
better than the straight back pressure engine. 

Let us multiply this factory by ten so that conditions arc suitable for a 
multiple pass-out back pressure turbine and make the comparison against 
straight back pressiu'e again. In the multiple pass-out back pressui'c machine 
110,000 lb. of steam will be put into tire turbine and 10,000 lb. will be passed out 
at 50 psi.g., 50,000 will be passed out at 20 psi.g. and 50,000 will go through to 
the exhaust at 5 psi.g. The straight back pressure set at 200 to 20 psi, and 
the pass-out increments can be conveniently tabulated thus :— 


Straight back-pressure 

Multiple pass-out back¬ 
pressure 



Inlet 

Exhaust 

Adiabatic 

Adiabatic 

Effici¬ 

Actual 

Quantity 

pressure 

pressure 

heat drop 

horse^ 

ency 

horse¬ 

lb. 1 hour 

psi.g. 

psi.g. 

Btujlb. 

power 

ratio 

power 

100,000 

200 

20 

155 

6,090 

71 

4^320 

r r 0,000 

200 

50 

lU) 

4,930 

70 

3,450 

r 00,000 

50 

20 


2,200 

68 

1,500 

50,000 

20 

5 

44 

860 

64 

550 


5»500 


This gives the pass-out machine an advantage of 27 per cent, over the 
straight back pressure set. 
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In the large back pressure and multiple pass-out turbines the steam has 
been given sufficient superheat to give dry saturated exhaust. So that, apart 
from gland leakage, the steam passed out plus the exhaust steam will equal the 
steam put in. 

It is impossible to dogmatise as to when a pass-out condensing, a pass-out 
back pressure, a multiple pass-out or a straight back pressure set should be 
used. Each case must be gone into individually. A word of caution is, 
however, not out of place. Process demands have a nasty way of changing 
both as to pressure and quantity, up, down, high, low. Electrical load also has 
a horrible tendency to go up, up, up. Any very saucy multiple pass-out 
machine may fill the bill to-day and be quite unsuitable tomorrow. 

The costing of pass-out power is anything but straightforward. It is dealt 
v\rith in Chapter 21. 

A pass-out machine when working with fluctuating demand for power and 
varying quantities of pass-out steam is not so efficient as a straight back pressure 
set, and its regulation, if the pass-out pressures are to be kept reasonably 
constant under fluctuating electrical load, is somewhat complicated. In many 
industries, for example the paper industry, pass-out machines give excellent 
service, and there are many factories where reciprocating engines can work as 
pass-out machines extremely well. 

132 . EXHAUST TURBINES. An exhaust turbine works in conjunction 
with a back pressure engine or turbine, or it can be installed to take the exhaust 
steam from engines, turbines, pumps, hammers, etc., that have hitherto been 
exhausting to atmosphere. There is no need to argue the obvious benefits from 
its use in the latter cases. It is only necessary to give two examples, small and 
large, and then the merits or faults of the exhaust turbine over the pass-out 
condensing or separate condensing sets can be discussed. 

Let us take the cases of exhaust turbines put in to use the exhaust steam 
from machines that have hitherto been blown to atmosphere. The first, a 
relatively small set taking 12,500 lb. of steam/hour ; the second, a larger 
machine taking 125,000 lb./hr. In the first case we shall assume a condenser 
vacuum of 28 in. and in the second 29 in. 


Steam 

Inlet 

Exhaust 

Adiabatic 

Efficiency 


quantity 

pressure 

pressure 

heat drop 

ratio 

H.P. 

12,500 

Atm. 

28 in. 

170 

68 

570 

125,000 

Atm. 

29 in. 

204 

80 

8,020 


These figures should not surprise us after our study of Section 82, but they 
are a never-ending source of wonder to the author. Clearly every possible 
effort should be made to use atmospheric steam whether it be the exhaust from 
an engine or the exhaust from an evaporator or pan. There are difficulties due 
to intermittent production and there may not be a use for the power, but the 
benefits are so striking that all efforts should be made by hook or crook to find a 
use or a customer for the power and to get over any technical difficulties. 

Let us now consider a process factory with a back pressure set and an 
exhaust condensing turbine. First assume a constant process steam demand 
which is slightly less than the steam called for by the electrical load. All the 
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Steam will be going through the back pressure set and a small amount through 
the exhaust turbine. If there is an increase in electrical demand the back pressure 
set calls for more steam, it generates more power and makes more exhaust 
which patsses through the exhaust turbine which also generates more power. 
There may be a slight lag in response and possibly a tendency to hunt and the 
governing arrangements require careful design. 

Now suppose the electrical demand is constant at normal load and the steam 
demand for process varies. When the process demand is zero the exhaust 
turbine will be well loaded and the back pressure set will be generating a 
relatively small proportion of the power and the whole of the back pressure 
exhaust goes into the exhaust turbine. As the process demand increases so does 
more and more steam go through the back pressure set until, if the electrical 
load is not too great, the back pressure set is meeting the whole electrical demand. 
The exhaust turbine, however, is still taking its no-load steam consumption, in 
order to run at full speed and make up its losses. At this point, if conditions 
are likely to remain steady, the exhaust turbine would be shut down and any 
excess exhaust from the back pressure set blown to atmosphere. Any further 
increase in process demand would absorb this blow-off. 



FIG. 41. STEAM CONSUMPTION OF BACK PRESSURE ENGINE AND EXHAUST TURBINE 
WITH CONSTANT ELECTRICAL LOAD AND VARYING PROCESS STEAM DEMAND 


Fig. 41 shows how a constant electrical load of 350 kW would be shared by a 
back pressure set and an exhaust turbine over the range from no process steam 
to process absorbing the whole of the back pressure exhaust. In this example, 
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high pressure steam at 350 psi and 600® F. is supplied to the engine which 
exhausts into a process main at 20 psi.g. The exhaust turbine has been assumed 
to have a no-load consumption of 1,000 lb./hr. 

The exhaust turbine in combination with a back pressure set is generally 
more efficient than a pass-out condensing turbine. On light loads it has the 
advantage that it can be shut down whereas the pass-out set must put some 
steam through the low pressure end to cool it. Again, however, every case 
must be judged on its own particular conditions and requirements. 

133 * MIXED PRESSURE TURBINES. The mixed pressure turbine is 
sometimes a useful solution to the power difficulty. These turbines are like 
inverted pass-out turbines ; they receive steam at more than one pressure. 
In Fig. 42 the example shown at H is a mixed pressure turbine taking its main 
supply at 200 psi and receiving into its low pressure end exhaust steam at 
atmospheric pressure as well. Like pass-out turbines, governing and control 
sometimes present difficulties. Theoretically a mixed pressure turbine working 
in conjunction with engine exhaust should not only be economical but should 
even out the demand on the boilers. When the engine load is added to the 
power load, instead of the whole engine load being additional, all the engine 
exhaust passes into the mixed pressure turbine and relieves it of much of its 
demand for live steam. There are unfortunately other factors. When no 
exhaust steam is being taken, the low pressure end is not properly loaded. 
When much exhaust steam is being taken the high pressure end is not properly 
loaded. The mixed pressure turbine is more poorly placed in this respect than 
the pass-out turbine as there can seldom be any condition of steam supply in 
which the whole turbine is properly loaded, whereas it is possible to work a 
pass-out turbine in such a way as to load every stage to full capacity most of the 
time. Since the mixed pressure turbine is generally badly loaded, it always 
tends to be too big a machine and is usually less efficient than a separate exhaust 
turbine working in conjunction with a straight back pressure machine. 

Mixed pressure turbines are in extensive use and often give very satisfactory 
results, particularly in the Coal Mining and Steel industries. 

134 . VACUUM TURBINES. Many industries, caustic recovery, sugar 
refining, milk condensing, etc., reject their process heat in the form of vapour 
at about 24 in. vacuum. This vapour is usually condensed in jet condensers. 
Such vapour will, in a fairly large machine, give i electrical unit for 40 lb. of 
steam, if it is put into a vacuum turbine exhausting into a surface condenser at 
29 in. vacuum. 100,000 lb. of such steam per hour will give 2,500 kW. This is 
even more striking than the output from a turbine taking steam at atmospheric 
pressure. 

The total heat of steam at 24 in, vacuum is 1,123 

The entropy is i • 889. 

The temperature of 29 in. vacuum steam is 79® F. and 0 = 2. 

The total heat after adiabatic expansion from 24 in. to 29 in, will be 
(79 + 460) I -889 — 2 = 1,018. 
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So that the adiabatic heat drop will be 1,123 ijOiS = 105 Btu. 

Suppose it be assumed that there is an output of 100,000 Ib. of 24 in. steam 

1 1.11, 1 100,000 X 105 

per hour, the ideal horse power will be-^ == 4? 125. 

2,545 

Tablt IX shows that we can expect an efficiency ratio of 78 per cent., 

so that w e can reasonably expect to generate 2,400 kW. 

Take the case of a much smaller plant, say one that is rejecting 10,000 lb. 
vapour per hour at 24 in. vacuum. We will assume that the smaller plant will 
only be able to operate its condenser at 28 in. vacuum. 

This gives an adiabatic heat drop of 68 Btu. 

If the turbine has an efficiency ratio of 67 per cent, it will give 

10,000 X 68 X *67 , 

—!-' == 133 kW. 

3.415 

The disadvantage of these machines is their high cost. They are very large 
machines—that is why they arc efficient. The “ little ” machine just considered 
would probcibly have a single row, or at most two rows, of blades and these blades 
and the condenser would have to be the same size as on a 1,000 kW. straight 
condensing machine. Another handicap is that to get veiy high vacuum calls 
for a great deal of cold cooling water, and the pumping load for this water must 
be deducted from the gross output of the vacuum turbine to get its net output. 
Apart from maintenance cost and capital cost which admittedly is very high, the 
power is obtained absolutely free. 

135 . HEAT ACCUMULATION. We are concerned not only with total 
steam demand and total electrical load, but with minute to minute varijitions. 
It often happens that the total steam demand from the process is sulficient to 
enable the total power demand to be met, but only too often light proc ess steam 
demand coincides with heavy electrical demand and vice versa. These conditions 
call for momcntaiy blowing off of excess exhaust steam, or for short-circuiting 
of the power plant through the reducing valve. Some form of heat accumulator 
may enable the steam that would have been blown off to be stored so as to meet 
any later demand that might call for steam through the reducing valve. 

It has been shown in Section 132 that an enormous amount of power could 
be obtained from steam at atmospheric pressure by passing it through an 
exhaust turbine. In many works there are engines exhausting to atmosphere 
for short sharp periods—for example, the steam hammers and rolling mill 
engines in a steel works. If this steam could be collected and the peaks smoothed 
out a great deal of power could be generated in an exhaust turbine. 

There is only one way of storing exhaust steam at absolutely constant 
pressure and this is rarely used. Most accumulators store at varying pressures 
and, unless they are large, the pressure variation may be too great for this 
particular application. 

The standard form of exhaust steam accumulator is simply a large tank 
half full of water and capable of withstanding a pressure of about 15 psi. There 
are virtually no controls, except a safety valve. The exhaust steam is blown into 
the water through a row of blowers. When the exhaust steam user takes less steam 


TOO 



COMBINED POWER AND HEATING 


§ 135-136 

than the supply, the exhaust back pressure rises ; this raises the boiling point of 
the water in the accumulator and the steam condenses in the water. When 
the exhaust steam user calls for more steam than is being exhausted, the back 
pressure is lowered, the boiling point of the wa^er in the accumulator drops 
and the accumulated steam flashes off. 

The capacity of such an accumulator is small. For example, an accumulator 
constructed from an old 30 ft. x 8 ft. 6 in. Lancashire boiler will only store 
1,000 lb. of steam with an overall pressure drop of 5 psi. But 1,000 lb. of steam 
stored in a minute and discharged during the next two minutes will, on a 
regular cycle, handle 20,000 lb. steam an hour. 

In an accumulator the blower nozzles must be well submerged—^say by 
I ft. This imposes a permanent additional pressure drop of 0*5 psi on the 
system. 

The storage capacity of the accumulator can be ascertained thus :— 

Total heat in steam at max. pressure (say 5 psi.g.) is i, 156 • 3 Btu./lb. 

Sensible heat in water at max. pressure (say 5 psi.g.) is 195*5 Btu./lb. 

Sensible heat in water at min. pressure (say o psi.g.) is 180*2 Btu./lb. 

Heat c.ipacity of water from o psi.g. to 5 psi.g. is 195 *5-180 *2 or 15*3 
Btu./lb. 

Amount of water needed per i lb. steam storage is 
^ or 75*5 lb. or 1*26 cu. ft. 

15-3 

It may be very important to reduce the pressure drop to a minimum, but 
this greatly increases the size of the accumulator. Ta]>lc XV shows what can 
be obtained. 


TABLE X\^ EXHAUST S TEAM ACCUMULATORS 


NET PRESSURE 
DROP IN 

ACCLIMULAIOR 

PSI.G. 

GROSS PRISSURE 

DROP OVER 

PLAN I PSI 

(mydrostaiic 
H hM> *5 psi) I 

1 

LB. WAIIR PhR 
LH. S11 \M 1 

STORED 

1 

WATER CAP ACHY 

1 NIEDI ro SI ORE 

1 1,000 LB. SI CAM 

1 CU. FT. 

1 

EQUIVALENT NO. 
OF LANCS. 
BOILER SUFLLS 

(30' X 8' 6") 

1 toO 

2 

1 340 

5,460 

6 

2 toO 

1 3 

174 

2,790 

3 

3 toO 

4 

120 

1,930 

2 

4 to 0 

5 

92 

1,475 

n 

5 loO 

6 

75 

1,205 

H 


Steam accumulators are dealt with in detail in Chapter 16. 


136 . FEED WATER HEATING. If steam is being blown to atmosphere or 
its latent heat lost in a condenser, it always pays to use steam to heat the boiler 
feed water. 

Section 88 explains the great improvement in efficiency obtained by 
regenerative feed heating. It explains that by this means the power station 
is doing a little bit of pass-out process work. 

lOl 
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As the complete back pressure cycle is 100 per cent, efficient, there is no 
virtue in using exhaust or bled steam for feed heating because all the exhaust heat 
is being usefully employed. If, however, some steam is exhausting to atmosphere 
or to a condenser, it pays to do as much stage feed heating—power station 
fashion—as will reduce the wasted exhaust steam as much as possible. 

Where new back pressure or pass-out plant is being installed, bleeder points 
can be arranged for on the turbine. Where existing plants are concerned we 
have to take what there is. There are sometimes drainage connections or dirt 
boxes at points along a turbine casing, and the makers should be consulted as to 
whether these could be used as bleed points. With a back pressure or pass-out 
reciprocator, two stage feed heating is generally all that is possible—from the 
exhaust and from the low pressure receiver. 

In the planning of one large factory it was found possible to increase the 
po\^ er output from 8,500 kW to over 10,000 kW by carrying feed water heating 
to the limit. 

Hotter feed water may slightly reduce the economiser efficiency, but the 
efficiency of the whole plant will be so increased that such slight falling off in 
boiler efficiency is probably of little account. 

137 . SELLING THE SURPLUS EXHAUST STEAM. Far better use can 
be made of the heat in excess exhaust steam from a back pressure set than by 
wasting ic in the condenser of a pass-out set or exhaust turbine if it can be 
supplied to a neighbour! factory. The difficulties are of three kinds, practical, 
psychological and financial. 

From the practical point of view the supply must be steady in both pressure 
and quantity or it will be of no use to the neighbour. For this reason it is 
generally useless to try to sell peak load steam. Sometimes a supply at night 
only is convenient to both parties. Whatever the difficulties they should if 
possible be surmounted, because waste steam, used by a neighbour, is pure net 
gain. 

There are two serious psychological difficulties. The receiver eff steam docs 
not like the feeling that he is dependent for his supply on “ those beggars next 
door ” whom for years he has probably despised. The steam supplier does not 
like the feeling that he has an exhaust obligation to fulfil. There is no reason 
why a supply from a private neighbour need be any more uncertain than a supply 
from a public undertaking ; in fact many factories pride themselves that they are 
as reliable as any public supplier. If the neighbourl)^ supply is replacing an 
existing supply, the existing plant is an adequate spare. Goodwill and liaison 
should be able to circumvent psycholog>\ 

The financial arrangement is usually thi‘ principal stumbling block. The 
recipient of steam objects, not unnaturally, to being asked to pay for steam that 
he has watched for years defiling the local heavens. Unfortunately, the surplus 
steam suppliers’ accountant turns greedy eyes on his neighbour’s smoking 
chimney. 

The metering of neighbourly steam should be done by steam meter, pre¬ 
ferably in the, receiver’s works. Measurement by condensate may unduly 
favour the supplier if the steam was wet. 
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Losses in transmission are sometimes brought as an argument against such 
a steam link. The losses in a really well lagged pipe are surprisingly low. As 
to how far steam can be sent, no general statement can be made. The greater 
the quantity, the lower the proportional losses ; consequently the further the 
steam can be sent. After enough steam has come out at the far end of the pipe 
to pay for the cost of the pipe in a reasonable time, the rest is pure gain. 

138 . LONG DISTANCE STEAM TRANSMISSION. Three actual examples 
of heat losses on long steam pipes are shown below. 

These results are moderately consistent. The small high pressure pipe, 
not too well-lagged, shows the biggest loss. The large low pressure well-lagged 
pipe shows a very small loss. But in all three cases the losses are really very low 
and indicate that steam can be carried long distances without undue loss, and 
often with great saving in other directions. 

Between two Liverpool factories 

Pipe diameter .. «. . . 15 in. 

Length . . . . . . i ,470 ft. 

Lagging . . . . . . . . . . 3 in. magnesia, 

^ in. hard compo. 

Capacity . . . . . . . . . . 40,000 lb./hr. 

Pressure .. . . . . . . . . 40 psi.g. 

Heat loss .. .. . . . . . . *3 Btu/sq. ft./® F/hour 

or 

404 Btu/foot run/hour 
or 

I • 6 per cent, of latent heat 
at full load 
or 

• 11 per cent, of latent heat 
per 100 ft. 

Between two Leicester factories 

A. B. 

Pipe diameter , . 3^^ in. 9 in. 

Length . . . . 2,100 ft. 2,100 ft. 

Lagging . . . . 2 in. plastic magnesia 2 J in. plastic magnesia 

^ in. hard compo. ^ in. hard compo. 

Capacity .. . . 5,000 lb./hr. 20,000 lb./hr. 

Pressure .. .. no psi.g. 60 psi.g. 

Heat loss . . . . * 6 Btu/sq. ft./® F/hr. • 4 Btu/sq. ft./® F/hr. 

or 

278 Btu/foot run/hour 305 Btu/foot run/hour 

or 

13 per cent, of latent 3 • 5 per cent, of latent 
heat at full load heat at full load 

or 

•63 per cent, of latent -17 per cent, of latent 

heat per 100 ft. heat per 100 ft. 
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139 . RUNNING A POWER ECONOMY CAMPAIGN. If we can prevent 
the problem of excess power demand arising or if we can eliminate it once it 
has poked up its ugly head, there will be no need to consider all kinds of fancy 
arrangements for meeting it. Ihe way is clear. Use less power. It can be 
stated quite definitely that waste of power is just as widespread and is just as bad 
as waste of steam. As the operation of a power-saving campaign is hardly 
power generation technique, it will not be discussed here. It is dealt with in 
Chapter 22. 

140 . SELLING POWER. We have so far been dealing with factories that 
have difficulty in generating sufficient power. There remain the factories in 
that category where the steam consumption is so great that the power require¬ 
ments can be met—and more. 

Such factories should, of course, generate all the power they can and should 
sell the surplus to the local electricity company. Even small factories, })rovided 
they use all their exhaust steam, can generate power more economically than a 
big power stati<^n. ‘ 

There are cbjcctioiis to parallel or synchronous running between industrial 
plants and the Grid, llierc are certain ways in which these objections can 
be met—they are discussed in Section 804. Every effort should be made to 
smooth out the difficulties that selling power presents. 

141 . DESIGN FACTORS. In designing a plant there are many factors ; 
among the most important are :— 

{a) The choice of back or pass-out pressures. 

{h) The choice of boiler pressure. 

(c) 'I'he choice of high pressure or high superheat. 

{d) The choice of machine type. 

The first has been discussed already in Section 125 ; the oilier tlirc'e must 
now be considered. 

142 . CHOICE OF BOILER PRESSURE. This choice is only open when 
installing new plant. If old plant is being eomna'led to l:)ack j^ressure woiking, 
all that can be done is to work the boilers at the highest possible }:)ressure for 
which they can be insured, and to reduce the back pressure to the lowest 
possible point. Even with a perfectly free hand the choice of best pressuic and 
temperature is difficult. A few examples will show just what arc the considera¬ 
tions involved. 

Boiler pressures must be reasonably low in small plants, as tia^ gain in 
efficiency by going to very high pressures in a very small plant are usually not 
worth the extra complications. 

There are plants in operation at very high pressures, and if it is very 
important that the very last kW should be generated, it may be worth 
considering very advanced plant. But high pressure plant has a nasty knack of 
becoming the master instead of remaining the servant. The essential need of a 
process factory is the correct operation of the process, and a very high-brow 
power plant leads to a serious diversion of technical and managerial effort. 
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The power stations must simply try to produce power in the most economical 
way and it should be the power station’s task and privilege to lead the way in 
improved efficiencies. 

We will now investigate three cases and try to see what the problem is. 

143 . CONDITIONS IN A SMALL DYE WORKS. Assume that the plant 
requires 10,000 lb. of steam at 20 psi.g. (this is an over-simplification, but were 
the real conditions taken the argument might be wearisome). We can take 
250 psi as a nice prudent pressure. Wc can get this pressure on a shell boiler 
which may be a great advantage ; to go higher may mean going to a water-tube 
boiler. 

Table X tells us that we can expect an efficiency ratio of 65 per cent, from 
an engine taking 10,000 lb. of saturated steam/hour exhausting at 20 psi.g. and 
that we should produce 65 per cent, of 610 H.P. = 396 H.P. = 295 kW. 

The turbine efficiency ratio is given as 49 pei cent. This could be 
improved by superheat but not sufficiently to bring the turbine up to the 
engine. The engine efficiency could also be improved by superheat, but this 
will call for lavish cylinder lubrication, and we know that the steam is going 
to come into contact with our future shirts, so the lubrication necessary with 
superheat is probably out of the question. 

295 kW represents the most power we can hope to generate without doing 
something that may not be satisfactory as regards trouble-free operation and 
diversion of effort. The dyer’s business is dyeing—not operating miniature 
Batterseas ”. If more power than 295 kW is needed, the balance should be 
purchased. (See Section 804.) 

144 . CONDITIONS IN A PAPER MILL. We will assume that the process 
demand is 100,000 lb. steam per hour at 40 psi.g. and that the electrical load is 
5,000 kW. This calls for 20 lb. steam per kWh. 

Table VIII tells us tliat i kWh -- 3,415 Btu, so the actual heat drop must be 

20 

To get such a heat drop with 40 psi exhaust will call for an initial pressure 
of well over 400 psi. 

From Tal:)lc IX we can assume an efficiency ratio of about 70 per cent. 

171 

The adiabatic heat drop will therefore be = 244 Btu. 

*7 

The exhaust must have a little superheat, say 50®, to ensure reasonable 
dryness at the process plant. The steam table tells us that 40 psi.g. steam at 
340° F. will have 53° of superheat and contains 1,204 

This then is to be the real exhaust state. 

The adiabatic exhaust steam would contain 244 — 171 = 73 Btu less heat, 
or a total of 1,131 Btu. 

We must find the entropy of 40 psi steam containing 1,131 Btu. 

The temperature of saturated steam at 40 psi is 287® F. and Gibbs’ Function 

is 57 - 
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The entropy will be = i -590. 

287 + 460 

The initial high pressure steam must therefore have an entropy of i • 590 
also. 

And its total heat must be 1,131 + 244 = 1,375 Btu. 

From the superheated steam table it is found that the only steam having 
these properties is at a pressure of 700 psi.g. and a temperature of 750° F. 

The same result can be obtained much more quickly by using the Mollier 
chart. The desired entropy is found from the intersection of the 40 psi.g. 
pressure line on the 1,131 Btu ordinate. Then the intersection of 1,375 Btu and 
I *590 entropy gives the state of the initial steam. 

Plant at this pressure and temperature may be more advanced than we are 
prepared to instal. The only way out of the difficulty will be either to buy 
extra power over that which a lower pressure back pressure plant will give, 
or to use as high a pressure as we think would be trouble-free and to employ 
a pass-out condensing turbine. It will almost certainly pay in £.s.d. to use 
the pass-out turbine instead of buying power, but will probably be Nationally 
wasteful, 

(When doing problems of this kind without the help of a Mollier or 
Temperature-Entropy diagram, it is always helpful to draw rough sketches of 
either or both diagrams to keep one on the right lines.) 

145 . CONDITIONS IN A SUGAR REFINERY. A sugar refinery is 
planning a new power plant. It is at present using i • 5 tons of steam per ton of 
sugar and its power load is 55 kWh per ton of sugar. It estimates that steam 
savings can be effected sufficient to bring the steam consumption down to 
I •! tons/ton and it estimates that this will be accompanied by an increase in 
power load up to 65 kWh per ton. To insure the future, it decides to instal 
the new power plant, if practicable, on the basis that the steam demand may be 
reduced to *9 ton/ton (this being “ bogey ”—see Chapter 20) and the power 
demand increased to 72 kWh per ton. It has been decided that the process 
pressure cannot be reduced below 60 psi.g. and that the exhaust must leave the 
turbine with about 40° F. of superheat. I’hc weekly output is 12,000 tons and 
the working week is 144 hours. 

The steam demand will be approximately 

12,000 * 9 ^ n 

— - - - tons = 168,000 lb./hour. 

144 

12 000 yc *72 

The electrical load will be approximately — - -— = 6,000 kW. 

144 

This means that the plant must be designed to produce i kW for 28 lb. 
steam. 

The net heat drop of the cycle is ~ ^22. 

The load is to be taken by two 3,000-kW turbines. Table IX shows that 
from a 4,ooo-H.P. machine working over the kind of range that will obviously 
be needed we can expect an efficiency ratio of about 69 per cent. 
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The adiabatic heat drop will be • =177 Btu, 

•69 

Steam at 60 psi.g. (75 psi.a.) and 350® F. has a superheat of 43° F. and this 
will be a satisfactory cxhaust-lo-proccss condition. 

Such steam contains 1,206 Btu. 

Now the net heat drop is to be 122 and the adiabatic heat drop is expected 
to be 177. 

The adiabatic exhaust will have a heat content of 177 — 122 = 55 Btu lower 
than the actual exhaust state. 

The adiabatic exhaust heat content will be 1,206 — 55 = 1,151 Btu. 

The temperature of 60 psi.g. saturated steam is 307° F. 

And its total heat is 1,182 Btu. 

The adiabatic exhaust is therefore wet so we can use Gibbs’ Function to 
calculate the adiabatic entropy. 

The value of ‘‘ (i ” at 60 psi.g. is 66 Btu. 

rr^i -11 1 + 66 

The entropy will be — -- —r- — i ‘ 567. 

307 + 460 

The actual exhaust has a heat content of 1,206 and the true heat drop 
is 122, so the initial steam must have a heat content of 1,206 + 122 = 1,328. 

And an (‘ntropy of i *587. 

The steam table gives as the initial steam quality 475 psi.g. at 650° F. 

This is confirmed by the Mollier chart. 

Now in a sugar refinery there is always a risk that the process condensate 
may be contaminated with sugar. At high temperatures sugar is broken down 
into organic acids so that sweet water cannot be tolerated in a high pressure 
boiler. I’here arc alternatives. Either the back pressure can be raised and all 
the exhaust can be passed into a still which will produce the process steam and 
the whole of the original steam will return as pure uncontaminated condensate 
in a closed circuit ; or 100 per cent, treated make-up water can be used. 
A pressure of 475 psi may be considered rather high for the use of 100 per cent, 
treated London or other hard water so other means should be investigated. 

146 . HIGH PRESSURE OR HIGH SUPERHEAT. It is possible to get the 
same power from a lower pressure steam if much more superheat is used. 

An inspection of the Mollier Chart shows that the pressure lines diverge 
in such a way that a given heat drop can be obtained over a smaller pressure 
drop, the higher the temperature. It is sometimes suggested that the dis¬ 
advantages of high pressures are more serious than those of high temperatures, 
although this view is not shared by many people. Let us see therefore what 
can be done if the initial pressure be limited to 350 psi.a. with the other 
conditions as in Section 145. Steam at this pressure occupies a much larger 
volume and as we propose to use a considerable superheat, the volume will be 
greater still. We are therefore probably justified in taking the efficiency ratio 
at 71 per cent. With a net heat drop of 122, the 350 psi adiabatic heat drop 
will be 172 Btu. 
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On the Mollier chart find, by trial and error, the entropy co-ordinate such 
that the distance along it between the 350 psi.a. line and the 75 psi.a. line is 
172 Btu. 

This entropy is found to be i *693. 

And the state of steam at 350 psi.a. where its pressure line cuts the i *693 
entropy line gives it a temperature of 782° F. 

Or a superheat of 350° F., its total heat being 1,409 Btu. 

The exhaust at 75 psi.a. will have a total heat of 1,409 — 122 = 1,287 Btu. 

The total heat of exhaust steam was stipulated in Section 145 to be 1,206 
so that there will be 81 Btu of excess heat to be got rid of by desuperheating. 

The latent heat at 75 psi.a. is 905. 

So that for eveiy pound of hot exhaust desuperheated there will be an 

81 

evaporation of desuperheating water of - == *0895 lb. 

The total amount of process steam per kWh will be 
28 X 1-0895 = 30*5 lb./kWh. 

So this is not a solution. It will be necessary cither to raise the suj^erheat 
still further and work with a larger heat drop, or a dry desuperheater must be 
used. A few trial calculations will show that a really material increase in the 
heat drop will be necessary and that the steam will become so hot as to be 
probably unsuitable for operating a turbine outside a high-grade power station. 
It might be possible t(' desuperheat the exhaust steam witli the boiler feed water, 
on its way from economiser to boiler, by passing it through a heat exchanger. 

147 , BACK PRESSURE AUXILIARIES. There is one important point 
that must always be borne in mind when designing a high pr^^ssurc, back 
pressure plant. The object of going to high pressure is to generate more power. 
High pressure boilers call for high powered auxiliaric'^—the samr' kind of 
auxiliaries that the power station needs. Now the power these auxiliaries take 
depends on the output of steam, not the output of j)Owcr. The auxiliaries of a 
power station working at about 650 psi will take 4 to 5 per cent, of the current 
generated, and the steam rate of the turbine will be about 9 lb./kWh. A back 
pressure plant working at 650 psi will require nearlv the same auxiliary power 
per lb. of steam, but the turbine steam consumj)tion may be 27 lb./kWh or 
three times that of the jjower station. The auxiliaries may therefore absorb 
12 to 15 per cent, of the power generated. 

When designing back pressure plants the turbo-generator alone must never 
be considered. The net power output after supplying the higher pressure 
boiler’s extra needs is the only criterion. It may often pay to use a less 
elaborate and a lower pressure boiler plant, if by so doing the auxiliary load 
is largely lightened. 

148 . CHOICE OF MACHINE TYPE. There are all kinds of ways by which 
power can be generated in steam-using factories. The choice of method depends 
on many things. A pass-out turbine can only work really efficiently if the 
electrical load is fairly steady and if the pass-out quantity is fairly constant. 
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Any variation in electrical load alters the natural ” pressure at the pass-out 
point, and devices, such as adjustable diaphragms, have to be used to keep the 
pass-out pressure reasonably steady. 

Again, any variation in the quantity of steam passed out changes the 
pressure drops on either side of the pass-out point. In Section 131a particular 
machine was discussed and it was shown that a pass-out back-pressure machine 
could be expected to give 5,500 H.P. against 4,320 H.P. for the straight back¬ 
pressure set. These figures arc definitely rose-tinted. They apply to specifica¬ 
tion load. They may only occur one day a month. Now the straight back¬ 
pressure set is stolid and simple and will operate with less loss of efficiency over 
a wider variation in conditions. The pass-out is more temperamental, is 
susceptible to altered conditions and must contain more complex control and 
governing gear. The inefficiency of a mixed pressure machine is even more 
marked under fluctuating conditions. While there are many admirable 
applications for pass-out and mixed pressure machines it is suggested that 
unless really substantial economies are to be expected, straight back-pressure 
and separate exhaust turbines are to be preferred. 

In small factories a turbine is probably unsuitable owing to its very low 
efliciency in small sizes. The small works must use reciprocators. In many 
processes the steam must be free from oil, for example, where the steam is to 
be injected into a food or a textile product. Oil separators will not take “ more 
than somewhatout of steam. Owing to the difficult/ in removing oil, it is 
common in food and textile works to run back pressure reciprocators with 
saturated steam so that the cylinder condensate acts as lubricant and little 
or no oil is required. Consequently the exhaust will always be wet. We just 
have to make the best of this and do our utmost to remove the moisture before 
it reaches the process plant. 

Fig. 42 shows some of the possible arrangements. 

Apart from A which contains the maximum of thermodynamical wickedness, 
it is impossible to say which of the various sc hemes is the best without going 
into the details of each case. But D and G are obviously targets as they contain 
no reducing valves. Much depends on the fluctuations of both power and 
process demands, the proportion of the demands, the extent of the power 
shortage and the size of the installation. It is hoped that the foregoing may 
have helped to show at least that there may be more than one solution to any 
particular problem. 

One ini])oitant aspect must not be overlooked. Heat demands in some 
factories vary a great deal over the year ; sometimes because the space heating 
is affected by winter or summer weather ; sometimes because of seasonal 
variations in trade. There is no use making a nice plant which works well in 
winter but blows off steam in spring, summer and autumn. It may, however, 
pay to have a system where steam must be blown off for three or four months. 
Every case must be looked into on its merits. 

149 , INDUSTRIAL POWER GENERATION. Let US take certain states of 
steam in common factory use and see just what such steam could do in power 
production under various conditions. We will take two factories, one ten 
times the size of the other. Some very interesting and important things will 
emerge. 


109 








COMBINED POWER AND HEATING 


§ *49 

First consider a factory using 12,500 lb. of steam per hour. By using the 
methods already described we get the results shown in Fig. 43. The cone slices 
are meant to represent engines or turbines working between the steam condi¬ 
tions shown. Certain conventions have been followed. Where the exhaust is 
at or above atmospheric pressure, conditions have been arranged to give dry 
saturated exhaust, because such exhaust could be used for process or in another 
machine. Where the inlet steam is at or below atmospheric pressure the inlet 
steam is taken as being dry saturated and the exhaust has been allowed to get 
wet. The figures have been rounded off and are only approximate. 

Fig. 43 represents what a factory using 12,500 lb. of steam/hour could do. 
We will assume that it is raising steam for heating only which it uses at about 
40 psi.g. If it raised its steam at 200 psi.g. with moderate superheat and passed 
it first through an engine A, Fig. 43a, it could generate 270 kW for about *5 lb. 
coal/kWh. Suppose on the other hand that it was using 12,500 lb. of steam in a 
non-condensing engine exhausting to atmosphere A.B, this exhaust could give 
270 kW rf passed through an exhaust turbine C, connected to a condenser at the 
very modest vacuum of 24 in. If the vacuum were improved to 28| in. the 
exhaust turbine G.D. could generate 540 kW. All this exhaust-produced power 
has used no coal at all. 


a4*H9 
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FIG. 43. INDUSTRIAL POWER GENERATION IN VARIOUS WAYS IN A SMALL FACTORY 

Now look at Fig. 44 which shows what a factory might do using 10 times 
the steam. Any machines used here will be much larger and more efficient. 
It will be seen that each machine will give 3,000 kW for each of the chosen 
pressure drops. Now suppose the plant is working turbine B, that is to say it is 
raising steam at 200 psi and exhausting to process at 40 psi g. and suppose 
that the process is primarily evaporation. The vapour is probably being con¬ 
densed at about 24 in. vacuum. This factory could instal new boilers and could 
put in a vacuum turbine E. The new boilers would raise steam at 750 psi and 
the steam would pass through turbines A and B exhausting to process at 40 psi. 
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The heat would re-appear as vapour at 24 in. and the vapour would pass through 
turbine E finishing up in a condenser at 28| in. vacuum. The factory would 
thus generate an extra 6,000 kW. The 3,000 kW produced in turbine A would 
use *4 lb. coal/kWh and the 3,000 kW produced by turbine E would use o-o lb. 
coal per kWh. The whole extra 6,000 kW would be generated for an average 
coal of -2 lb./kWh. 



FIG. 44. INDUSTRIAL POWER GENERATION IN VARIOUS WAYS IN A LARGE FACTORY 

Now suppose Fig. 44 represents a steel works raising steam at 200 psi for its 
rolling mill engines and its hammers. These are equivalent to machines B and C 
and total 8,000 H.P. By adding machines D and E and probably an exhaust 
accumulator, it could produce an extra 6,000 kW for an average consumption of 
coal of o lb./kWh. because D and E use no extra coal. The logical development 
of this is to use some of the surplus power to drive some of the rolling mills. 
Less steam will be needed and made. Less coal will be burnt. Less surplus 
power will be made. A nice balance must be struck. 


150 . VERY SMALL POWER USERS. Back pressure engines or turbines 
can often be used with great economy where steam is used, possibly in large 
quantities, but where the power load is so small that a power generating plant is 
not justified. 

In some cases steam is used to heat calorifiers through which water is 
circulated. It is sometimes possible to use a little back pressure turbine to drive 
the circulating pump, the turbine exhaust blowing into the calorifier. Some 
quite successful little turbine-driven centrifugal pumps are working as slow 
as 1,250 r.p.m. Again, plenum ventilation heating systems often use steam for 
heating, while the fan is almost always electrically driven. Here is another good 
opening for the turbine, which would drive the fan and exhaust into the air 
heater. 
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Little turbines use a vast amount of steam per H.P., possibly several hundred 
Ib./H.P./hr. This sometimes chokes off the potential user. Provided the exhaust 
steam is all properly used^ it does not matter how much steam is used. A little 
turbine of 2 H.P. will use no more heat if it uses 500 lb. steam per hour than if it 
uses 250 lb. 

Nowadays, many people seem to find difficulty in remembering that 
machines, pumps, fans, etc., do not necessarily have to be driven by electric 
motors. The steam drive is often superior. Speed can be varied at little or no 
extra cost, whereas electrical speed variation is very costly. 

In cases where the steam/power ratio is such that it is impossible to generate 
more than a half or a quarter of the power, the driving of one or two of the larger 
machines by steam engine or turbine, and the remaining plant by bought 
electricity may sometimes be an elegant way of doing things. For example, 
a small brewery may be unable to generate more than half its power. It 
therefore decides to buy all its power requirements. It might be very economical 
to use a steam driven refrigerator instead of driving the compressor by electric 
motor. 

151 . ADAPTATION OF EXISTING MACHINES. From a consideration 
of the principles discussed in the foregoing, each factory must try to decide 
what the best arrangement would be wdth its particular conditions. Only in 
a few cases will an entirely new power plant be contemplated. It remains, 
therefore, to see how existing plant and its operation can be modified to get 
the most economical j)Ossiblc results. 

152 . UTILISING ATMOSPHERIC EXHAUST. Steam at atmospheric 
pressure can be used for most space heating purposes (except some high pressure 
and unit heater systems—the cheap ca]ntal cost systems). If the space heating 
is being done b) low' pressure water all that is required is a calorifier or a spray 
condenser (see Chapter 14). 

If spnee licating is done by low pressure steam it may be possible that steam 
at 1 or 2 ])si.g. will be adequate. Increasing the back pressure from o to 3 or 
4 psi.g. will only affect a very fully- or ovei-loaded engine, but it may be 
necessary to lengthen the admission period in a throttle governed engine. 

Every effoi t should be made to use the lowest possible pressure in the heating 
or process system so as to make the use of the engine exhaust as easy as possible. 

If the engine is lightly loaded, or if it can be lightly loaded by running a spare 
engine as well, it may be possible to turn an engine exhausting to atmosphere 
into a back pressure engine. 

153 . CONDENSING ENGINES. It is very doubtful whether engines 
exhausting to condensers can be turned into back pressure machines, even if 
the back pressure is only i or 2 psi above atmosphere. It might be possible 
if the engine is only half or quarter loaded. It might also be possible to use the 
condenser cooling water for heating. It certainly should be if the vacuum is 
only about 20 in. (In the author’s factory all space heating, air heating and 
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social hot water heating is done by means of condenser water from condensers* 
working at 24 in. vacuum.) If there is a spare engine it might be converted 
to back pressure working and the balance of the power requirements made up 
from the condensing engine, but the no-load steam consumption and the Willans 
Line (Sections 121 and 122) must be considered. 

154. CONDENSING TURBINES. The same remarks apply to condensing 
turbines as to condensing engines, only more so. A turbine is more susceptible 
to exhaust pressure variations than a reciprocator. Any raising of the back 
pressure in a turbine will reduce the power produced proportionally rather more 
than in the corresponding reciprocator 

155. CONVERTING NON-CONDENSING ENGINES TO CONDENSING. 

No such difficulties apply to the conversion of engines exhausting to atmosphere 
into condensing engines. Where it is impossible to find a use for the exhaust 
steam, an economy can almost always be made by exhausting the engine into a 
condenser. The most suitable engines are those that run continuously. Inter¬ 
mittent engines, winders and rolling mills, do not show such economies because 
much water has to be pumped through the condenser when the engine is not 
working. When an engine is converted to condensing from non-condensing, 
it is important that indicator diagrams be taken and the valve gear adjusted to 
suit the new conditions (see Chapter 7). A very high vacuum should not be 
aimed at. It calls Ibr much water, large vacuum pumps and cannot be taken 
advantage of by an engine that is not designed as a condensing engine. 18 in. 
or 20 in. is probably adequate. 

156. CONVERTING EXISTING MACHINES TO PASS-OUT WORKING. 

As regards turbines this is not a very hopeful proposition. There is 
probably no connection in a suitable position on the turbine casing. Even if 
there is, it is by no means certain that satisfactory results will be obtained, 
although such a conversion was fairly successfully made on the turbine in the 
author’s factory. It has been explained in Sections 130 and 148 that for correct 
pass-out working the pressure drops and therefore blade areas, before and after 
the pass-out point, must be very carefully proportioned. To pass steam out 
of an existing machine may not be satisfactory without fairly major alterations 
and the inclusion of pretty elaborate controls, unless the pass-out quantity is 
small, and/or the pass-out pressure can be allowed to fluctuate. 

Compound recij^rocators are quite a difiereiit matter and oflfer much more 
hopeful opportunities. With a tandem compound engine very large amounts 
of steam can be passed out of the steam receiver between high and low pressure 
cylinders. The limit is set by the amount of work that the high-pressure 
cylinders can do on full admission, and by the point at which the low-pressure 
cylinder ceases to be a power producer or even a passenger and becomes a 
pump. Much can be done by hanky-panky with the valve gear. 

Let us take an imaginary factory. 20,000 lb. of steam an hour is raised at 
150 psi.g. Half, 10,000 lb. /hour, goes to a tandem compound condensing engine. 
The remaining 10,000 lb./hour goes to process at 20 psi.g. through a reducing 
valve. 
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Assume the engine is working at about 33 per cent, cut-off in the high- 
pressure cylinder, that the power is developed in equal parts by high-pressure 
and low-pressure cylinders and that the receiver pressure is about 22 psi.g. the 
exhaust being at 20-in. vacuum. Let us say that we will draw all the process 
steam from the receiver. This means that 10,000 lb. of process steam/hour will 
go through the high-pressure cylinder and will consequently develop half the 
load. The remaining half load must be produced by steam that goes through 
both cylinders and exhausts to the condenser. If the valve gear can be so 
adjusted that this steam does half work in the high-pressure and half in the 
low-pressure cylinder we shall only need to pass 5,000 lb./hour to the condenser. 

By putting all the steam into the engine and passing out the process steam 
after the high pressure cylinder the total steam consumption will have been 
reduced from 20.000 lb./hour to 15,000 lb./hour. This is equivalent to a 
saving of about 700 tons of coal a year on one shift, or 2,000 tons a year on three 
shifts. 

An alteration such as this may not be possible with a cross compound 
engine. In the example given above, three-quarters of the load is taken by 
the high-pressure cylinder, and one-quarter by the low-pressure cylinder. 
This might well cause rough running and bearing trouble in a cross compound, 
but it is entirely unobjectionable in a tandem. 

157. MAKING FULLEST USE OF BACK PRESSURE PLANTS. Every 
back pressure machine in the country, for whose exhaust a REAL economic 
use can be found, should be working to full load. In 1942 there was a large 
modern factory equipped with back pressure turbines. It was using all its 
process steam at 10 to 15 psi blowm down from boiler pressure through reducing 
valves ; it was keeping its back pressure plant as spare, and taking all its power 
from the grid, except for its largest power user which was turbine driven 
exhausting into a condenser ! The reason was that the chief engineer was 
costing his powc-r by multiplying the adiabatic heat drop by the steam con¬ 
sumption. This may well have given him a steam cost of nearly twice the 
correct figure. T his has already been discussed in Section 120 and is discussed 
again in Chapter 21. 

Let us say it again : Every back pressure machine, for whose exhaust there is a real 
use, should be working at full load. If there is no real economic use for either the 
exhaust steam or the power in the producing factory, can exhaust steam be 
supplied to neighbours or power supplied to tlic supply company ? 

The important thing to remember is that a steam engine is a heat engine 
which is inherently very wasteful. We have not yet learnt how to extract more 
than about one-third of the energy as power, but if we remember that the 
machines arc HEAT engines and look after the HEAT wc can turn them into 
machines with efficiencies of 60, 70, 80 per cent. 

158. INTERNAL COMBUSTION ENGINES. Combined power and 
heating systems are common in steam plants, though not so common or so 
thorough-going as they ought to be. Combined power and heating systems 
with internal combustion plants are rare, although it is exceedingly simple to 
carry out an elementary combination. (Although this subject is hardly steam 
technology, no excuse is needed for discussing it.) 
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Every internal combustion engine has to have some way of cooling the 
cylinder. Small air-cooled engines might have the cooling air ducted into a 
room that requires warming. Water-cooled engines have a radiator or cooling 
tank put in the coldest place the better to waste the heat. Why not pipe this 
water round the radiators of the office or store or workshop ? If the load 
fluctuates, it may be necessary to have a big tank to store the heat—but put the 
tank indoors. 

It is important that the water passed through the jackets should be kept in 
a closed circuit, if the cooling water is hard water, lest scale be deposited inside 
the jackets and cause the cylinders to overheat. 



FIG. 45. COMBINED HEATING, HOT WATER AND POWER PLANT Wmi INTERNAL 

COMBUSTION ENGINE 

When jacket water is used for space or process water heating it should 
preferably be thermostatically controlled because the engine will be inefficient 
if the jackets are too cool. Provided the water does not boil, it generally does 
not matter if the water is on the hot side. The engine makers should be 
consulted as to the best working jacket water temperature. 

The exhaust of internal combustion engines contains a lot of heat, not as 
much as steam engine exhaust, and it is dirty and not so usable ; but 30 per 
cent, of the fuel heat is thrown away in the exhaust. Exhaust boilers are made 
and can be very successful. Such boilers can either heat water or raise steam. 

159. EFFICIENCY OF COMBINED INTERNAL COMBUSTION POWER 
AND HEATING. A small 20-kW diesel engine installation is 
running in Kent and giving an overall efficiency of about 67 per cent. The 
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jacket water is connected to the space heating circuit while a thimble tube 
exhaust boiler is connected to the hot water circuit. The heat distribution is 
approximately thus ;— 

Power .. .. .. . . . . . . 20 per cent. 

Jackets to heating .. . . . . 25 „ „ 

Exhaust to hot water . . . . . . . . 22 „ „ 

67 » 

A heat exchanger is fitted between the two circuits to enable all the engine 
heat to go into one circuit when required. A radiator is fitted in thejacket circuit 
for occasional use when no heat is needed. The plant lay-out is shown in Fig. 45. 

A much larger installation (four 300-kW sets) on exactly similar lines is 
running at the Bank of England. The overall efficiency of this plant is about 
75 per cent. 


}|C sjc JlJ 

I'his Chapter has not been written to encourage a factory staff to design or 
radically modify its own power plant. No one without great experience can 
foretell accurately the performance of back pressure, pass-out and exhaust 
machines. It is hoped, however, that the investigation of the problems involved 
will enable factory management to put before the power plant builders 
schemes which are not fantastic and will enable them to discuss such schemes 
intelligently with the indispensable experts—and—to keep their back pressure 
plants on full load. 

H: ♦ * 
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CHAPTER 4 


PREVENTING THE ESCAPE OF HEAT¬ 
LAGGING 

Wilh the skin he made him mittens, 
Made them with the fur side inside, 
Made them with the skin side outside. 
He, to get the warm side inside. 

Put the inside skin side outside ; 

He, to get the cold side outside 
Put the warm side fur 'side inside. 

G. A. STRONG. The Soug 
of Ahlkanu atha. 1912 ? 

STEAM is simply a vehicle for conveying heat. In order to liring heat to the 
right place, we must, as far as possible, prevent heat escaping to places where it 
is not wanted. Apart from steam leaks, which are so obviously wrong as hardly 
to need mention, steam loses heat from the pipes and vessels that contain it to 
the surrounding air. 01 all the methods of saving heat, the curing of leaks and 
the prevention of heat leakage by “ lagging ” or envoi ing the hot surface are 
the easiest and most straightforward. 

160. LEAKS. Leaks arc much more important than they look. If plant is 
allowed to leak steam, it generally means that the standard is low and that there 
will be many leaks^ iiot only of steam, Imt of air, water and oilier things. 
Suppose a valve spindle is badly packed so that there is a space of a hundredth 
of an inch between the spindle and the packing. If the ^pindle is 4-m. diameter, 
the area of the leakage ring will be nearly the equivalent of a hole. 

Suppose there are 50 such leaks in the plant, these will add up to the equivalent 
of a hole |-in. in diameter. Table XVI shows the amount of steam, water and 
air that will leak through small holes. 

TABLE XVI. FLUID LOSS BY LEAKAGE 


DIAMETER 

OF HOLE 

STEAM—: 

lb./hour 

WATER—GALLS./hOUR 

CU. FT. IREE 

air/min. 

80 PSI 

100 psi 

300 PSI 

20 PSI 

100 PSI 

iV,' 

14 

33 

20 

45 

4 

V 

56 

132 

80 

180 

16 

1 rt 

126 

297 

180 

405 

36 

r 

224 

528 

320 

1 

720 

1 

64 


Table XVII shows the tonnage of coal lost per year due to the steam leaks 
given in Table XVI. The really staggering size of these losses is seldom realised. 
Is there a factory in the country that can truly say that its leaks do not add up 
to a hole ^ in. dia. with a consequent loss of 10/50 tons of coal a year ? 

One of the principal causes of leaks is cheap pipe flanges with too few bolts. 
Table XVIII on pages 847-849 gives a list of British Standard Pipe Flanges for 
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various pressures. In the author’s factory the modern pipes erected to these 
standards can almost be said to be leak-proof, whereas the old piping with 
fewer bolts leaks profusely. 


TABLE XVII. COAL LOSS BY STEAM LEAKAGE 


DIAMETER 

OF HOLE 

TONS OF COAL PER ANNUM 

100 PSI 

BOILER EFFICIENCY 65% 

300 PSI 

BOILER EFFICIENCY 75% 

48 HR. WEEK 

144 HR. WEEK 

48 HR. WEEK 

144 HR. WEEK 


2 

7 

5 

14 

V 

9 

28 

19 

56 


21 

62 

42 

126 

r 

37 

111 

74 

223 


161. CONDUCTION, CONVECTION AND RADIATION LOSSES. In 

Section 18 the mechanism of heat transfer was briefly discussed. A hot surface, 
pipe, tank, pan, etc., parts with its heat to the air by convection and to all the 
surroundings by radiation. At low temperatures the loss by true radiation forms 
only a small proportion of the whole. As the temperature rises radiation plays 
an increasingly important part. The amount of heat radiated by a body is 
proportional to the fourth power of the absolute temperature. For example :— 


Temperature 

^F. 

100 

200 

300 

400 

500 

(ioo 

700 

800 

900 

1,000 


Relative Heat Loss by True 
Radiation only 
1*0 
1*9 
3*4 
5*6 
8-6 

12*8 

i8'4 

25*6 

34-8 

46*2 


As the temperature rises convection also is more rapid, so that there are 
two causes tending to make the heat loss increase in more than direct proportion 
to the temperature. 

The object of lagging is two-fold. It is to reduce the temperature of the 
exposed surface so that heat will be lost less rapidly by convection. It is to 
interpose an opaque layer between the hot pipe and the surroundings so as to 
prevent heat loss by radiation. 


162. PROPERTIES OF AN IDEAL LAGGING MATERIAL. As has been 
explained in Section 18 materials vary greatly in the ease with which they 
conduct heat. Silver and copper conduct heat very easily—they have a high 
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thermal conductivity. Air conducts heat with great reluctance. Air is about 
10,000 times as bad a conductor as copper. So air would seem to be a good 
material to use for preventing the escape of heat ; in fact as our pipes are 
already encased in air what could be better ? Unfortunately, air lets all the 
radiation through, and air currents form with the greatest ease with a very small 
local change of temperature. Although air is such a bad conductor, immediately 
a film of air does get warmed it rises at once and is replaced by cold air. 
Short distance conduction, current formation and heated film replacement are 
the mechanism of convection and result in a very quick and large loss of heat. 
To prevent convection means preventing air currents. To prevent radiation 
means interposing some substance that is opaque to heat radiations. Now if the 
material that is interposed to intercept the radiations does not reflect them back, 
it must absorb them and will itself get rapidly heated by radiation ; so it 
should be a very bad conductor so as not to act as a rc-radiator. Very few 
solids are as bad conductors as gases. The best material to use is one that 
consists of a microscopic sponge, all the cells being filled with air, and the material 
should be a bad conductor and should be opaque or should reflect. The air 
cells should be very small so that convection currents cannot form inside them. 
The material sliould be mechanically robust and should not deteriorate with 
heat. Table XIX gives the conductivity of a number of diffcicnt materials in 
Btu conducted per sq. ft. per hour per ° F. temperature difference between 
either side of one inch thickness of the material at low to moderate temperatures. 


TABLE XIX. HEAT CONDUCTIVITY 


Heating Surfaces 


APPROXIMATE 


MATERIAL 


BTU/SO. FT./hour/ 
°F. DIFF./l" rmCKNESS 


f Copper 
I Aluminium 
I Brass 

) Cast iron .. 
I Steel 
I^Lead 


2,620 

1,430 

720 

340 

310 

240 


Resistant Films 


fWater at 32" F. .. 
J Water at 200° F. 

1 Air 
[Scale 


4 

5 

•2 

1 to 12 


Diatomite, Kieselguhr or fossil meal 

85 % magnesia 
Lagging Materials Asbestos flock 

I Glass wool .. . 

I Animal hair 

^Cork . 


10 

•6 

•4 

•4 

•4 

•3 

•3 


All kinds of conductivity figures are given by different authorities and by 
different vendors of lagging materials. Table XIX is an average of a number of 
figures given by different authorities and brought to round numbers. The 
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good insulating properties of the lagging materials are largely due to their 
structure which entangles the maximum of air within a non-conducting opaque 
sponge or felt. 

163. CHOICE or LAGGING MATERIAL. Cork is probably the best of 
all materials, due to its intricate natural structure. It is however inflammable 
and gets charred and brittle at moderate temperature. It is therefore seldom 
used on steam plant, but it is in almost universal use on all high class re¬ 
frigerators. Animal hair is excellent, but it is inflammable and can harbour 
livestock. Asbestos and 85 per cent, magnesia are really the outstanding 
materials for industrial lagging, although glass-wool is becoming increasingly 
used, and is said to have the advantage that it does not so easily become water¬ 
logged. Asbestos is a natural mineral consisting of a variety of complicated 
silicate compounds generally containing calcium or iron or both. It is built up 
of fine compressed fibres which can be teased out into a first rate fire-proof 
air-entangling felt of very low conductivity. 85 per cent, magnesia consists of 
a mixture of 85 per cent, magnesium carbonate with 15 per cent, asbestos 
fibre to bind the fine* magnesia crystals together. Conflicting claims arc made 
for each of these materials. Actually there is little to choose between them— 
both are excellent. Magnesia should, however, not be used on a surface hotter 
than about 550° F. to boo° F. Other materials are kieselguhr or diatomite 
and various degrades of adulterated asbestos and magnesia. There is little 
money saving in using these poorer quality materials, but there is a definite 
loss in heat saving. As far as this book is concerned, “ lagging ’’ means 85 per 
cent, magnesia or first class asbestos. 

164. APPLYING THE LAGGING. Lagging can be obtained in bulk form 
to be applied plaster fashion, or it can be bought in moulded sections—half 
cylinders for pipes, half boxes for flanges, slabs for tanks, etc. It generally 
pays to use the moulded forms. Lagging is fragile and is easily damaged. When 
repairing damage it is easy to take oft' a moulded section and replace it. Much 
of the damaged piece can be cut up into wedge sections for covering bends and 
awkward shapt's. Wlien a pipe is taken down most of the plastered lagging 
Is generally lost, whereas the sections can 1)C recovered Iiitact with a little 
care. Moulded sections can be fitted during the erection of the plant on cold 
pripes and tanks. Plastic lagging must be applied to hot surfaces. Moulded 
lagging can be applied much more quickly than plastic lagging and very little 
skill is needed. 

Lagging should almost always be protected by a covering. All lagging 
materials are porous and must be protected from damp, otherwise the air 
spaces would get water-logged and the insulating qualities would dwindle. 
Lagging is very fragile and easily damaged. In the author^s factory steel- 
sheeted lagging lasts three to five times as long as unprotected lagging and only 
costs about 30 per cent. more. Fig. 46 shows the method of fastening the sections 
to the pipe and securing sheet steel covers. The moulded sections are attached 
to the pipe by a spiral binding of soft wire—about 19 S.W.G. For a really 
neat job the sheeting should be secured by means of special sheet metal screws— 
Parker Kalon screws. A quicker rougher job can be made with soft wire 
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binding. The wire should be twisted up fairly tight and when all the wires 
are in position on one section the wire can be given a quarter kink with a pair 
of pliers to do the final tightening without risk of snapping the wire at the twist. 
The sheeting should be about 22 S.W.G. If it is galvanised it need not be 
painted on the outside. If it is black it should be given a coat of lead paint and 
a final coating of aluminium paint. Whether galvanised or black it should be 
well tarred on the inside. The sheet should be passed through bending rolls 
to give it the correct trough shape. 


PARKtP KALON 22 "iWu 



riG. 46. SECTIONAL MOULDED LAGGING PROTECTED BY SHEET STEEL 

165. LAGGING THICKNESS. The most important thing about lagging is 
that there should be SOME lagging. It is far more important that everything 
hot should be lagged than that some plant should be beautifully covered and 
flanges and oddments left bare. 

On a flat surface the thicker the lagging the better (within economic reason), 
but on a small diameter pipe things arc different. The tliicker the lagging put 
on a pipe the larger is the final lieat-losing surface. Table XX shows the tem¬ 
perature of the outer surface of the lagging on a 6 in. pipe with various lagging 
thicknesses at various temperatures. It is obvious that with low temperature 
pipes the gain by going to thick lagging cannot bring a proper return except 
in very special cases. Some general guidance can, how^ever, be given. 

The smaller the pipe diameter the thinner should be the lagging. If the 
pipe is only I in. bore, its surface with i in. of lagging will have a diameter of 
2I in., whereas with 3 in. of lagging the surface diameter would be 6J in. Heat 
loss is proportional (over a limited range) to the temperature drop. Suppose 
our I in. pipe had a temperature of 250° E. and that its outside surface tempera¬ 
tures w^ere the same as in Tabic XX, the pipe with i in. lagging would have a 
temi/erature drop over the surrounding air of 29° F., while the pipe with 3 in. 
lagging would have a temperature drop of 12° F. The relative heat losses 
would be about 72*5 with i in. and about 78 with 3 in. The thick lagging, 
apart from costing about three times as much gives if anything more heat loss. 
This is only a rough general statement. With cheap bad lagging, a thick 
covering on a small pipe gives a bigger heat loss than a thin covering, but good 
quality lagging is said always to reduce the total heat loss with increased 


122 



LAGGING 


§165 

thickness, though the gain is quite uneconomic. A rough rule is that lagging 
need not usually be thicker than the pipe diameter, and that the smaller the 
pipe the more important is it to use the best quality lagging. 

An inspection of Table XX shows that lagging is an excellent example of 
the law of diminishing returns. It is the first thickness of lagging that really 
matters. 


TABLE XX. APPROXIMATE OUTSIDE TEMPERATURES 

OF LAGGED SURFACES-6 IN. BORE STEEL PIPE, 

STILL AIR AT 70° F. 


INTERNAL 

TEMPERATURE 

°F. 


TEMPERATURE OF LAGGING ° 

F. 


LAGGING THICKNTSS 

r 

I 

ir 

1 

r 

2i'' 

3" 

4- 

100 

75 

74 

73 

72 

72 

71 

150 1 

83 

i 80 

78 

76 

I 75 

74 

200 

91 

1 86 

83 

80 

79 

76 

250 

99 

92 

88 

84 

82 

79 

300 

107 

98 

93 

88 

85 

82 

350 

115 

, 105 

98 

92 

88 

84 

400 

123 

1 D1 

102 

96 

i 91 

87 

450 

131 

117 

107 

100 

95 

89 

500 

139 

123 

112 

104 

98 

92 

1 

600 

155 

! 135 

122 

112 

104 

98 

700 

171 

1 147 

132 

120 

no 1 

102 

800 

188 

1 

160 

142 

128 

117 I 

107 


TABLE XXI. RECOMMENDED LAGGING THICKNESSES 


THICKNESS OF LAGCrJG 


INTERNAL 

TEMPERATURE 

°F. 

HIGH 

ILMPiRATURr 

COMPOUND 

85^^, MAGNESIA OR ASBESTOS 

PIPE BtlOW 
3" DIA. 

PIPE 3" 
ro 6" DIA. 

1 

1 .. . 

PIPF 6' 

TO 9' DIA. 

PIPE OVER 

9^ DIA. 
AND FLAT 

Up to 200 

_ 

I 

r 1 

1 y i 

V 

r 

200-300 

— 

r 

r 

ir 

2" 

300 400 

— 

V 

ir 

2" 

2Y 

400-500 


ir 

2" 

2" 

2Y 

500-600 

_ 1 

ir 

2" 

2^- 

S-' 

600-700 

r plus r 


ir 

3" 

700-800 

1' plus 2' 

I 

2" 

2r 

3" 
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Table XXI gives suggestions for lagging thickness on pipes of various 
diameters for various temperatures. Above 600° F. some types of good quality 
lagging deteriorate and a special high-temperature-resisting compound should 
be applied in a thin layer next to the pipe. 

Such things as hot water storage tanks might well have a little extra. The 
lagging of a steam accumulator is particularly important and should probably 
be 4 to 6 Inches thick. 

166. SAVINGS BY AND COSTS OF LAGGING. The losses from a hot 
surface are expressed in Btu per sq. ft. per hour. By working out the area of the 
hot surface the heat saving to be secured by lagging can be found from Tables 
XXII and XXIII. Fig. 47 gives the same information as Table XXIII and 
enables interixicdiate values to be obtained without interpolation. Having 
found the heat saving in Btu per hour, this must be worked back to coal as 
follows. 

TABLE XXII. APPROXIMATE HEAT LOSSES FROM BARE 
AND LAGGED FLAT SURFACES IN SlILL AIR AT 70^^ F. 

I BTU/SQ. FT /hour 


INTTRNAL 

ILMPERATURL LAGGING THFCKKESS 

^F. 


1 

BARF 

1" 

ir 

2" 

j 

2F 

3' 

4' 

100 

1 60 

10 

7 



1 


150 

155 I 

25 

20 

— 

— 


— 

200 

295 1 

45 1 

1 30 

25 

— 



250 

450 

: 65 

45 

35 

i 

1 

__ 

300 

645 

85 

60 

45 

40 1 

— 

— 

350 

875 

105 ! 

i 75 

60 

45 

— 


400 

1,140 

125 

90 

70 

1 

55 

1 

1 45 , 

i 

450 1 

1,450 

150 

105 

80 

65 

55 

1 — 

500 

1,810 

175 

! 12. 

95 

75 

65 

— 

600 

2,670 

_ 

160 1 

120 

100 

85 

65 

700 

! 3,750 

— 

— 1 

150 

125 

105 

80 

800 

5,100 

— 


185 

150 

130 

100 


Suppose we have a covered tank 9 ft. X 12 ft. X 6 ft. resting on the floor 
and containing hot water at 210° F. 

The area of the four sides and top is 

(6 X 12) 2 + (6 X 9) 2 + (12 X 9) == 360 sq. ft. 

Interpolating in Table XXII gives the bare surface loss as 326 Btu/sq. ft./hr., 
and the loss with i in. lagging as 49 Btu. 

Table XXI suggests that i in. lagging will be adequate for the temperature. 
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The saving by lagging is 277 Btu/sq. ft./hr. 

The total saving is 277 X 360 = 100,000 Btu/hr. 

If the boiler is 65 per cent, efficient and the coal has a calorific value of 

12,000 Btu/lb., the coal saved is — — == I 2 * 81 b./hr. 

12,000 X ‘65 


TABLE XXIII. APPROXIMATE HEAT LOSSES FROM 
BARE AND LAGGED 6-IN. PIPE IN STILL AIR AT 70° F. 


BTU/SQ. FT./HOUR 


INTERNAL 

TEMPERATURE 

°F. 


LAGGING THICKNESS 


BARE 

r 

ir 

2" 

2V 

\ 

3" 

4" 

100 

58 

11 

8*5 




_ 

150 

166 

31 

23 

— 

— 

— 

— 

200 

296 

52 

39 

32 

— 

— 

1 

250 

454 

74 

55 

45 

_ 

_ 


300 

646 

98 

73 

60 

51 

— 

— 

350 

876 

122 

91 

75 

64 

— 

— 

400 

1,142 

148 

110 

90 

77 

68 

_ 

450 

1,452 

176 

131 

106 

91 

80 

— 

500 

1,810 

204 

152 

123 

105 

93 

— 

600 

2,671 

_ 

221 

160 

136 

120 

100 

700 

3,750 

— 

— 

200 

170 

150 

124 

800 

5,110 

— 

— 

242 

207 

182 

151 


If the tank is hot for 50 hours a week, this totals 15 tons of coal a year. If 
the tank is hot for 150 hours a week, the coal saving is 44^ tons a year. So that 
without any other costs at all, the heat saving on coal alone due to the lagging is, 
if the coal costs 50J. a ton, ^{^37 or 10 per annum depending on whether the 
I'actory is working one shift or three. The cost of lagging such a tank would be, 
in 1944, in the author’s factory, labour and material only :— 

£ s. d. 

Lagging—i-in. slabs .. .. .. 14 7 5 

Sheeting .. .. .. .. .. 546 

Labour .. .. .. .. .. 8160 


;^28 7 11 say /;35 all in. 

Now let us take a 6-in. steam pipe carrying saturated steam at 120 psi. 
The internal temperature will be 350® F. 

Table XXIII shows the heat loss from the bare pipe to be 876 Btu/sq. ft./hr, 
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If the pipe is covered with 2 in. of lagging the loss is reduced to 75 Btu— 
a saving of 800 Btu/sq. ft./hr. 

Let us assume that we have 100 ft. of piping and that flanges occur, due 
to valves, bends, etc., every 9 ft. 

There will be 11 pairs of flanges and they will be good radiators and must 
be covered. 

Table XXIV gives the area per foot run of various sizes of pipe and the 
area of a standard flange. 

Eleven flanges will occupy about 2 ft. of the pipe length 

so the area will be (g8 x 1*71) + (ii x i*8i) = 187*589. ft. 

If the boiler house is 70 per cent, efficient and the coal has a calorific value 
of 12,000 Btu/lb. and costs 45^. a ton, the saving per week of 50 hours is 

800 X 187-5 X 5 0 X 45 ^ ^ 

12,000 X *7 X 2,240 

This gives an annual saving on one shift of ^(^46 and on three shifts 

The cost of lagging, 2-in. moulded sections, sheeting, paint and labour was 
(in 1944 in the author’s factory) :— 

£ d. 

98 ft. at 7t. io\d, .. .. .. .. 38 11 9 

II flanges at of. io\d. . . . . .. 5872 

o 4 J say £^o all in. 

Clearly, lagging pays and pays handsomely. The figures given arc for really 
first-class steel-sheeted work. 

Much lagging is protected by means of half an inch of hard setting compound 
reinforced with i-in. galvanized wire netting. The outside surface having a 
covering of hessian or canvas trowelled in. In many factories this may prove 
quite satisfactory, but the author has found that the steel sheeting is more lasting 
and can be applied much quicker and requires less skill. 

167. LAGGING FLANGES. In Table XXIV it will be seen that one flange 
is about equivalent to i-ft. run of pipe. Lagging i ft. of 6-in. pipe costs 75. io\d. 
and saves 8.?. i\d, a year. Lagging a flange costs gs, lold, and saves 8 s, ^\d. 
So that, even on one shift, lagging flanges pays in less than 15 months. Many 
engineers refuse to lag flanges for fear that leaks may go undetected and that 
leakage may corrode the flange bolts. There are several good replies to this 
excuse. First, if moulded box lagging is used for flanges, a 3-in. length of ^-in. 
pipe can be inserted into the bottom of the box to give early warning of any 
leak. Second, a really bad leak will soon make itself known. Third, lagging 
the flanges is one of the best ways of stopping leaks. Bare flanges on hot lagged 
pipes introduce temperature stresses at the flanges which may be the cause of 
the leak. In every ship’s engine room the flanges are lagged as a matter of 
course. Were they left bare the engine room would be even hotter than it is. 
Ships’ engine rooms do not suffer from leaking lagged flanges. 
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TABLE XXIV. AREAS OF PIPE SURFACES 



s 

IQ. FT. 


(steel pipe 

UP TO 250 psi) 

BORE 

PER FOOT LENGTH 

FLANGE (2 EDGES 2 SIDES) 


PARALLEL PIPE 

V 

•221 

•331 

r 

•278 

•327 

r 

•352 

•386 

ir 

•500 

•488 

2" 

•622 

•655 

2r 

•785 

•760 

3 " 

1 -916 

•931 

r 

1-178 

1-134 

5^ 

! 1-440 

1-638 

6" 

1-710 

1-810 

1 " 

1-963 

2-169 

8 " 

2-23 

2-45 

r 

2-49 

2-98 

10 " 

2-75 

3-17 

12 " 

3-27 

3-85 

15 " 

4-19 

4-94 

IS" 

! 4-98 

6-22 

24 " 

1 

6-55 

9*38 



Btu LOST PER SQ.FT. 6" PIPE PER HOUR 


900 

aoo 

700 

600 

soo 

400 

300 

200 

lOO 


o 


fig. 47 . HEAT LOSS FROM 6 -IN. PIPE, BARE AND WITH LAGGING OF VARIOUS 

THICKNESSES 
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(^i6233) 


127 


TEMPERATURE 























§167-169 THE EFFICIENT USE OF STEAM! CHAP, 4 

Special moulded flange boxes are probably not so satisfactory as a short 
length of moulded pipe lagging of a diameter to fit the flange. The flange 
covering should be sheeted and the edges of the flange lagging should be finished 
with a little plastic composition as shown in Fig. 48. 



FIG. 48. SECTIONAL MOULDED LAGGING ON PIPE FLANGE PROTECTED BY 

SHEET STFEL 

168 , ASBESTOS HOPE, For very small pipes wheie only a thin lagging is 
justified, asbestos rope, though untidy, dirty and relatively short-lived, is useful. 
For temporary jobs it is often very convenient as it can be put on quickly 
and can be used over again. Table XXV gives the length of rope required. 

TABLE XXV. LENGTH OF ASBESTOS ROPE NEEDED 

TO WRAP PIPES 


I 


PIPE 

BORE 

LENGTH IN IIET PER FOOT OF PIPE 

¥ rope 

1 

2" ROPE 

1 

r ROPE 

li"" ROPE 

2" ROPE 

¥ 

1 

11 





r 

12 

10 


1 


r 

14 

11 

10 

1 


l¥ 

17 

14 

12 

10 ' 


2 " 

20 

16 

14 

11 

10 

3 ^ 

27 

21 

17 

14 

12 

¥ 

34 

25 

20 

16 

14 

6 "' 

47 

34 

27 

20 

17 


169 . ALUMINIUM PAINT. Aluminium paint has been proved to save 
about 14 per cent, of whatever heat is being lost. A bare pipe at 250° F. loses 
450 Btu/sq. ft./hr. By painting the pipe with aluminium paint the loss can be 
reduced to 387 Btu, a saving of 63 Btu/sq. ft./hr. This represents is. ^d. a 
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week on one shift on the loo-ft, 6-in* pipe that we have been considering in 
Section 166, or ^^3 13^, 8rf. a year. The saving by painting a lagged pipe with 
aluminium paint is so small that it is not worth doing for the saving alone, but 
as the sheeting, or even plain lagging must be painted, it might as well be 
painted with aluminium paint, which looks very cl^an and nice apart from its 
other properties. The cost of aluminium paint compared with the cost of grey 
lead paint was, in 1944 :— 

Cost of paint to cover 100 sq. ft. (paint only)— 


Grey lead— 

Priming coat .. .. .. 2.5. 5^/. 

Finishing .. .. .. 2 s, ^d. 

Aluminium— 

Priming .. .. .. id. 

Finishing .. .. .. 3^.9^. 


Aluminium paint should be a straight paint. A varnish base or a coating of 
varnish is said to destroy its saving grace. Aluminium paint should not be 
used on such high temperature plant as would turn it brown—not above, say 
400° F. 

Tests carried out in the author’s factory in 1937 on various laggings and 
paintings on a length of 4-in. pipe carrying low-pressure steam gave :— 

Heat loss 

Bare pipe . . .. . . 100 

Bare pipe, aluminium painted 84 

Saving 16 per cent. 

Pipe lagged and sheeted unpainted . . 24 

Pipe lagged and sheeted, aluminium painted 21 

Saving 12 J per cent. 

TABLE XXVI. APPROXIMATE EFFECT OF AIR 
MOVEMENT ON HEAT LOSS 


RELATIVE 

AIR VELOCITY 

HEAT LOSS 

FEET PER SECOND 

MILES PER HOUR 

1 

1 

still 

1-5 

4 

3 

2 

8-5 

6 

2-5 

13 

9 

3 

18 

12 

3*5 

24 

16 

4 

30 

21 
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170. AIR MOVEMENT. The heat losses given in Tables XXII and XXIII 
apply to still air. In practice air movement is always present. Table XXVI 
shows the effect of air movement on the rate of heat loss. 

This Table shows us why our car boils on a hill as well as how serious it is 
to have unlagged plant near windows or doors. Air movement is obviously 
much more serious and important on bare pipes than on lagged pipes. 

The heat loss from the liquid surface in an open tank is considered in 
Section 464, where it is shown that it is generally more important to cover 
the top than to lag the sides. 


As most of the discussion in this chapter has been based on the published 
figures of heat losses done under test conditions with the lagging in first-rate 
condition, it may be thought that the figures given of the benefits of lagging 
are too rosy. This is far from being so. The savings given are probably 
understatements. Owing to the fact that in all factories draughts, from mild 
zephyrs to raging torhados, blow everywhere, any deterioration in lagging over 
test lagging is more than outweighed by the much greater heat loss that is 
actually taking place than the losses given in Tables XXII and XXIII. Tests 
done by the author actually inside the factory have given losses even in sheltered 
places considerably greater than those in the Tables. 
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CHAPTER 5 


STEAM DISTRIBUTION—STEAM QUALITY 

The sudden twist may stretch the swelling vein, 

The cracking joint unhinge. 

JOHN GAY. Trivia. 1716. 

THE discussion of the two subjects, Distribution and Quality, in the same 
chapter may seem incongruous, but this is not so. The quality of steam is 
closely linked with its distribution. Heat losses during distribution have been 
dealt with in Chapter 4 and it is assumed in this chapter that all pipes arc 
properly lagged. The quality of steam for power is plain sailing. The steam 
should be as hot and as high in pressure as circumstances allow. For nearly 
all processes steam should be saturated and at as low a pressure as possible. 
How do these requirements affect distribution ? 

171. THE FLOW OF STEAM THROUGH PIPES. The flow of Steam, or 

any other fluid, depends on the pressure difference along the pipe, the resistance 
of the pipe to flow and the physical characteristics of the fluid—in this case 
steam. All kinds of complicated formulae are given to enable the flow to be 
calculated. Some of these involve such expressions as author 

refuses to believe that the Almighty decided, when creating the world, that the 
flow of steam should obey such laws. He therefore chooses to give no formulae, 
but instead rough charts which enable the necessary pipe size to be fixed. 
When deciding on the size of a pipe we want to know whether it should be 
3 in. or 4 in. (the areas are 7*07 and 12*57 sq. in. respectively). What can be 
the good of fooling about with ' ? 

In deciding pipe size there are three considerations only, apart from cost. 
What pressure drop along the pipe can be permitted ? What steam velocity 
can be tolerated ? What is the most suitable stock size ? 

If the steam is going to or coming from a reducing valve, there is a certain 
temptation to use a very small diameter pipe and so allow some or all of the 
pressure drop to take place in the pipe. There are three objections to this. 
First, the pressure drop will vary with changes in the rate of flow ; this may 
give considerable operating trouble. Second, at the very high velocities which 
accompany a big pressure drop, the steam may quickly erode pipes, especially 
at bends. Third, steam flowing in a pipe at high velocity, even tenuous vapour 
at high vacuum, can make an infernal noise. 

172. STEAM VELOCITIES IN PIPES. The reasonable speeds for steam 
of various qualities are fairly closely agreed by most authorities and are shown 
in Table XXVII. 

173. EFFECTIVE PIPE RESISTANCE—EQUIVALENT LENGTH. The 
charts for finding the correct pipe size are based on pressure drop per 100 ft. 
of length. Table III, in Chapter I, is constructed for a pressure drop of i psi 
per 100 ft. This is by no means a universally satisfactory basis, so methods of 
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§173 the efficient use of steam: chap. 5 

finding the right pipe size for various conditions will now be given in some detail. 
To know the drop per 100 ft. the pressure drop over the whole length of pipe 
that can be permitted must be decided on and this total pressure drop must be 
divided by the effective pipe length and multiplied by 100. The effective pipe 
length consists of the actual pipe length plus an addition for each bend, elbow, 
tee, valve or whatnot. These are given in Table XXVIII. 


TABLE XXVII. RECOMMENDED FLUID VELOCITIES 

IN PIPES 


High vacuum water vapour 
Moderate vacuum water vapour 
Exhaust steam—wet 
Dry saturated steam 
Superheated steam 


200-350 feet per second 


150-200 „ 
70-100 „ 
100-130 „ 
150-200 „ 


»> 


>» 


9 * 


99 


Water 


4-8 


99 99 99 


During short heavy peaks higher velocities can be permitted. 


TABLE XXVTII. APPROXIMATE RESISTANCE OF PIPE 

FITTINGS 


EQUIVALENT STRAIGHT LENGTH IN FEET 


PIPE 

BORE 

INCHES 

STANDARD 

ELBOW 

STANDARD 

BEND 

TEE 

1 

1 OPEN VALVE 

EXPANSION 

LOOP 

1 

1 

BARREI. 

BRANCH 

SLIDE 

ANGLE 

GLOBE 

1 

1 2 

•5 

•5 

2-25 

•5 

1-5 

3-25 

2*25 

H 

I 3 

1 

1 

3*5 

•75 

2-5 

5*5 

3-5 

2 

4 

1-25 

1-25 

5 

1 

3*5 

7-5 

5 

2i 

5 

1*5 

1-5 

6*5 

1*25 

4-5 

10 

6*5 

3 

6 

2 

2 

8-5 

1-5 

5*5 

12 

8*25 

4 

8 

3 

3 

12 

2*25 

8 

1 18 

12 

5 

10 

4 

4 

15 

3 

10 

1 23 

15 

6 

13 

5 

5 

19 

3-5 

13 

1 29 

19 

7 

15 

6 

6 

23 

4-25 

15 

34 

23 

8 

17 

7 

7 

27 

5 

18 

40 1 

27 

9 

19 

8 

8 

31 

6 

21 

46 ' 

31 

10 

21 

9 

9 

35 

7 

24 

53 i 

35 

12 

25 

11 

11 

44 

8 

30 

66 

44 

15 

31 

14 

14 

57 

11 

34 

86 I 

57 


Now it is clearly impossible to say what the effective length is until we know 
the diameter of the pipes, but that is what we are seeking. We must therefore 
make a preliminary guess. An example will show. 
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STEAM DISTRIBUTION 


§ 174 

174, USE OF PIPE FLOW CHARTS. Given the quantity of steam in 
lb./hr., the volume per pound and the effective length of the pipe, the chart, 
Fig* 49> show the diameter of pipe needed for any particular pressure drop. 
Suppose we wish to pass 6,000 lb. of steam per hour at 60 psi.g. along a pipe 
450 ft. long round nine standard bends, through the barrels of four tees, through 
the branch of one tee, round one expansion loop and through one globe valve, 
with a total pressure drop of 10 psi. We will have to make a guess at the 
pipe diameter before we can estimate its effective length. Let us guess it as 


being between 4 in. and 6 in. diameter. The effective length will be :— 

4 in. 6 in. 

Straight measured length 

• 450 

450 

Nine bends 

27 

45 

Four tee barrels 

12 

20 

One tee branch 

. 12 

19 

One expansion loop 

12 

19 

One globe valve 

18 

29 

Effective length 

531 

582 

Pressure drop/100 ft. 

1-9 

I • 7 for a total drop of 
10 psi. 


The steam table gives the volume of 60 psi.g. steam as 5-84 cu. ft./lb. and 
at 50 psi.g. (after the drop along the pipe) 6*68 cu. ft./lb. The mean volume 
is 6*26. 

From the charts, Figs. 49 and 50, the correct pipe size can be readily found. 
These charts may look a bit formidable, but they are really quite simple to use. 

In Fig. 49 find the intersection of 6*26 cu. ft./lb. on the vertical scale, with 
100 lb./min. (6,000 lb./hr.) on the horizontal scale. 

The evenly spaced lines at 63 are reference lines—(they are actually lines 
of constant cu. ft./min.^, but that does not matter). 

Having found the intersection of volume and quality, move down the 
reference line to its intersection with a pipe diameter. 

The point of intersection of the reference line with the pipe diameter gives 
the pressure drop per 100 ft. on the vertical scale—in this case 

7 psi with a 3-in. pipe, 

I • 5 psi with a 4-in. pipe, 

•45 psi with a 5-in. pipe (our guess of 6 in. is literally off the map). 

Clearly the 4-in. pipe is the suitable size. We can now make a closer 
estimate. 

The effective pipe length is 531 ft. 

With a pressure drop of i - 5 psi/i00 ft. the total drop will be 8 psi, 

so that the final pressure will be 52 psi.g. 

The mean volume will be 6-17 cu. ft./lb. 


(66233) 
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§174 the efficient use of steam: chap, 5 

This small correction makes no appreciable difference to the reference line 
that must be used^ so that we can take it that the pressure drop along a 
4-in. pipe will be I *5 psi per effective 100 ft. with steam at 60 psi.g. at a flow 
of 6,000 lb./hr. 

The steam velocity must now be found. 

In Fig. 50 find the intersection of the volume, 6*17 cu. ft./lb., with the 
quantity, 100 lb./min. 

Locate this intersection on a 45° reference line (these reference lines are 
lines of constant total volume). 

Move down along the reference line to its intersection with the 4-in. pipe. 

Read off the steam velocity, 120 ft./sec. 

Here is a different approach. Suppose we have an 8-in. pipe that is to 
carry vapour at 24-in. vacuum ; 

that it is 43 ft. long with two bends and one angle valve. 

The effective length is 75 ft. 

We wish to find out how much vapour can be passed without losing more 
than i-in. vacuum. 

J-in. Hg. is equivalent to *245 psi, so that the pressure drop per 100 ft. 
will be • 326 psi. 

Find the intersection of *326 psi pressure drop with the 8-in. pipe in Fig. 49. 

The mean volume of steam at 24-in. to 23j-in. vacuum is 117 cu. ft./lb. 

Run up the reference line to its intersection with 117 cu. ft./lb. 

This intersection gives the weight as 70 lb./min. or 4,200 lb./hour. 

Reference to Fig. 50 shows, however, that the velocity will be 380 ft./sec. 

Clearly in this case the pressure drop is not the limiting factor. If we say 
250 ft./sec. is the highest vapour velocity that we can accept in this case we 
find the weight of flow thus : 

From the intersection of the 250 ft./see. line with the 8-in. line run up 
the reference line to its intersection with 120 cu. ft./lb. 

This intersection gives the weight that will pass as 45 lb./min. or roughly 
2,700 lb./hr. 

The Figs. 49 and 50 separately do not cover the whole range of possible 
requirements. To do so would have meant impossibly large diagrams, but it is 
believed that all the necessary data can be obtained from the two figures. 
Fig. 49 does not cover the very low pressure drops required for very high 
vacua, nor does the volume scale enable vacua below 27 in. to be used. 
The volume scale on Fig. 50 does not cover steam above 450 psi but it covers 
steam down to 29J-in. vacuum. As high pressure steam piping is chiefly 
governed by pressure drop and as high vacuum steam piping is controlled 
principally by velocity the whole working range is probably adequately covered. 
In any case exceptionally high pressures or exceptionally high vacua call for 
specialists who can well work out the required pipe sizes. 
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STEAM DISTRIBUTION § I74-I75 

Table XXIX gives a general indication of the relation between pressure 
drop and velocity for various conditions. 

Suppose a steam main splits into branches of different lengths and carrying 
different quantities to feed different plants. Each small branch, m^in branch 
and main pipe must be considered separately ; the flow through each 
estimated ; the permissible pressure drop decided upon. A balance must then 
be struck between pressure drop, velocity, cost of pipe, etc. Extra resistance in 
one section, where a considerable pressure drop may be tolerated, may perhaps 
be offset by a reduced pressure drop in another section because a convenient 
length of oversize pipe was in stock. 

TABLE XXIX. STEAM VELOCITIES IN PIPES 


VELOCITY—FEET PER SECOND WITH PRESSURE DROP/ 100 FT. OF :— 


PIPE 

SIZE 

PRESSURE 


•25 PSI 

•5 PSI 

•75 PSI 

10 PSI 

1 

1 • 5 PSI 

2-0 PSI 

3*0 PSI 

3" pipe 

20" vac. 

135 

180 

235 

270 

330 

395 

500 

» 99 

Atmos. 

85 

120 

145 

170 

205 

250 

320 


25 psi.g. 

50 

75 

85 

105 

130 

150 

190 

99 99 

100 „ 

30 

45 

55 

65 

75 

90 

115 

99 >> 

400 „ 



30 

35 

1 40 

50 

60 

6" pipe 

, 20" vac. 

220 

315 

400 

460 

550 

625 

750 

99 99 

Atmos. 

145 

190 

240 

300 

350 

405 

500 

99 99 

25 psi.g. 

80 

115 

145 

170 

200 

240 

300 

99 9‘> 

100 „ 

50 

70 

90 

105 

130 

150 

180 

99 »» 

400 „ 


30 

45 

55 

65 

75 

1 

95 


175 . HIGH OR LOW PRESSURE DISTRIBUTION. A Steam pipe should 
carry steam by the shortest route in the smallest pipe with the least heat loss 
and the smallest pressure drop that circumstances will allow. 

For process work we usually want steam at the lowest possible pressure. 
Apart from greater cost, a big pipe means a large hot surface from which heat 
can be lost. This is an argument frequently heard. Let us try to find out just 
how powerful it is. Take a plant raising steam at 6o psi.g. and using it at 
15 psi.g. The steam can either be distributed at 6o psi and reduced at the end 
of the pipe, or it can be reduced as soon as possible, getting the benefit of any 
wiredrawing superheat, and distributed at 15 psi. Assume that we shall permit 
a pressure drop at 60 psi of i psi/100 ft. and -5 psi/100 ft. at 15 psi. Fig. 49 
shows that, if we wish to pass 15,000 lb./hour we shall need a 6-in. pipe at 
60 psi and an 8-in. pipe at 15 psi. Fig. 50 shows that the velocity at 60 psi will 
be all right but that it will be a little on the high side at 15 psi. Now the steam 
at 60 psi will have a temperature of 307^^ F. if it is saturated, and steam at 
15 psi wiredrawn will have a temperature of 286° F. (Table VI, Section 48). 
From Table XXI we see that each pipe will be lagged with i J in. of lagging. 

47 says that the 6-in. pipe will lose 76 Btu/sq. ft./hour, and that the 
8-in pipe will lose 67 Btu with wiredrawn steam and 56 Btu with saturated 
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§175-176 EFFICIENT USE OF STEAM: CHAP. 5 

Steam. The pipe areas are found in Table XXIV. A tabulation will make 
things clearer :— 


Pressure 

.. 60 psi.g. 

15 psi.g. 
wiredrawn 

15 psi.g. 
saturated 

Temperature in pipe 

0 

0 

CO 

286° F. 

250® F. 

Heat loss/sq. ft. 

76 Btu 

67 Btu 

56 Btu 

Pipe diameter 

6 in. 

8 in. 

8 in. 

Relative areas 

1-71 

2-23 

2-23 

Relative heat losses 

.. 100 

”5 

9(5 


This shows that by reducing to 15 psi and wiredrawing the heat loss is 
increased by 15 per cent. This is however not quite the true story because the 
15 psi superheated steam will lose heat less readily than it would were it 
saturated. It has been assumed that the 60 psi steam, before reduction, was 
saturated and perfectly dry. This is extremely unlikely. If the steam before 
reduction was more than 2 per cent, wet there could be no superheating by 
wiredrawing, and the 15 psi steam will be at saturation temperature. This 
state of affairs is shown in the third column of the tabulation above. We see 
that there is a 4 per cent, reduction in heat loss if the low pressure steam is at 
saturation temperature. So that we are probably justified in saying that there is 
no extra loss, other than higher capital cost, in distributing at low pressure if other 
requirements make this desirable. (There is a rather unjustified assumption 
here. Were the steam saturated at 15 psi, the velocity in the pipe would be 
definitely on the high side. With a 9-in. pipe the heat loss would be just a 
little higher than the loss from the 60 psi 6 in. pipe.) 

176. DISADVANTAGES OF SUPERHEAT FOR PROCESS. Super¬ 
heated steam is nearly always bad steam to use for heating processes. For these 
purposes steam should be dry saturated. This has already been mentioned in 
Section 48, but the reasons have not yet been discussed. 

Superheated steam is a dry gas, and it parts with its heat by conduction. 
When the layer of steam which is in contact with the heating surface has 
parted with some heat the heat from the body of the steam has to pass by 
conduction through the very bad conducting gas to reach the outer layer. 
Saturated steam gives up its latent heat by contact with the heating surface. 
When the contact layer of steam has condensed more steam flows towards the 
surface to take its place. The heat does not have to flow. The steam flow^s. 
There are few published figures of the difference between the heat transfer 
rates from saturated steam and superheated steam. Some people suggest that 
the higher temperature of superheated steam compensates for its lower rate 
of heat transfer. Others maintain that in spite of the higher temperature the 
rate of heat transfer is much lower. 

A brewery in Eire used in its coppers steam that came direct from the 
superheater of the boiler. The insurance company condemned the superheater 
so that wet steam was fed to the copper with much foreboding. The head 
brewer was surprised and delighted at the great improvement in the rate of 
boiling under the new conditions with wet steam. 
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A board drying machine in the South of England consisted of a wide tunnel 
in front of which was a bank of horizontal steam heated pipes. The drying air 
was blown through the heater and down the tunnel. Steam entered the left- 
hand manifold of the heater and condensate was drained from the right-hand 
manifold. The steam used had loo® of superheat. The performance of the 
drier was quite unsatisfactory. When the boards in the right-hand side of the 
tunnel were correctly dried, those in the left-hand side were quite damp. 
This proved that although the steam in the left-hand side of the air heater was 
100° hotter than the right-hand side, the superheated steam parted with 
its heat so reluctantly that it did not heat the air so readily as did the lower 
temperature saturated steam on the right-hand side. 

It can be shown in industrial practice that superheated steam used inside 
a heating surface of calandria type gives just as good heat transfer as saturated 
steam. It is thought that in heating surfaces of this type the steam comes into 
almost immediate contact with condensate and desuperheats itself by evaporating 
some of the condensate. 

When the heating surface takes the form of coils, worms, or long straight 
lengths, matters are different. There is no condensate present in the first part 
of the pipe with which the steam can be desuperheated, and the steam must 
part with its superheat by straight conduction in the first part of the pipe. 
This conduction must take place between dry gas and dry heating surface. 
Elderly practical men who have had years of experience with coil type heating 
surfaces are of the opinion that superheated steam gives an appreciably lower 
rate of heat transfer than saturated steam. 

Whatever the truth about heat transfer rate, there are several other objec¬ 
tions to using superheated steam for process. The first is that the temperature 
of the heating surface is not definite. The bulk of the heat transfer takes place 
at saturated temperature but some of it may take place at some higher 
temperature. This may be undesirable if a material is to be heated up and then 
maintained at a particular temperature. During the heating-up process the 
heat transfer is rapid and most of the heat transfer will take place at saturation 
temperature. When the material is up to temperature and the steam supply is 
reduced a large part of the heating surface may be at superheat temperature, 
and, if the circulation of the process material is sluggish, there may be local 
overheating with damage to the product. Saturated steam has a definite upper 
limit of temperature. With superheat the upper range of temperature of a 
heating surface is not really known. It probably will not be equal to the steam 
temperature, but it may well be considerably above saturation temperature. 

Where the material to be heated is a delicate product, easily damaged by 
overheating, superheated steam must be avoided. 

Another disadvantage of superheated steam for process is that large tempera¬ 
ture stresses may occur in the plant. If superheated steam is fed to a calandria 
vessel the calandria is at saturation temperature, and the steam pipe is at 
superheat temperature. The flange does not know whether it is coming or 
going. 

If superheated steam is used for direct injection into a liquid, before it can 
condense it must give up its superheat. If the liquid depth is shallow, three or 
four feet—a common depth in many vats or becks—there is very little chance 
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that the superheat will be given up and condensation completed in the short 
time that the bubbles take to pass up through the liquid. Much of the steam 
reaches the surface uncondensed and escapes. 

There are rare cases where superheated steam is passed rapidly through a 
piece of plant and gives up superheat only to some high temperature process ; 
the steam then passes on to some more orthodox process plant where condensa¬ 
tion takes place. By rapid passage through the special plant heat transfer is more 
rapid, the temperature gradients are smaller and the high temperature 
maintained. 

% 

It can be said therefore that superheated steam has no advantages and 
may have definite disadvantages for ordinary process uses. For direct injection 
it is quite unsuitable. If, however, it is convenient to use it the result may be 
perfectly satisfactory provided the heating plant does not consist of long tubes 
or pipes. 

There is one advantage which superheated steam has owing to the fact that 
each pound of steam contains more heat units. For a given heat input there 
will be less condensate. Where it is not possible to collect flash steam from the 
condensate, this reduces the heat loss. This is probably an excuse rather than 
a reason for the use of superheated steam. 

177. DISADVANTAGES OF WET STEAM. Wet steam is ready to con¬ 
dense and give up its latent heat immediately it touches a cooler surface, but 
the moisture that it carries is just a nuisance. It puts unnecessary condensate 
on to the heating surface. The moisture contains no available heat. The 
trapping and condensate system has to deal with a lot of unnecessary water. 
The extra condensate produces extra flash steam which must be collected, or, 
if this is not possible, the extra flash is just extra loss. 

178. ADVANTAGES OF DRY SATURATED STEAM. Dry saturated 
steam is, like wet steam, all ready to condense at once on a cooler surface and 
give up its latent heat. It yields no unnecessary condensate. Its temperature 
is definite and constant. It is in the ideal state for use in process or in heating 
plant. 

179. STEAM QUALITY AS PRODUCED. Steam from a boiler without a 
superheater is seldom or never dry. Steam from a Lancashire boiler has been 
found on occasion to be as much as 20 per cent. wet. Exhaust steam from an 
engine or turbine can be either wet or superheated, as has been explained in 
Chapters 2 and 3. Steam should always leave the boiler or power house with 
sufficient superheat to reach the process dry and as near saturation as possible. 

180. STEAM QUALITY AND DISTRIBUTION. The ideal steam distri¬ 
bution system should bring steam to the plant at dry saturation point. This 
means that steam must leave the boiler house or back-pressure machine with 
just sufficient superheat to enable it to reach the plant without wetness and 
without superheat. This is an ideal that cannot be reached in practice. A com¬ 
promise must be made. The largest process heat user should be taken and the 
steam condition so arranged that this largest plant gets dry saturated steam. 
Plant on the supply side will get superheated steam. 
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Let US take the case of the pipe whose diameter was found in Section 174. 

This 4-in. pipe is carrying 6,000 Ib./hr. steam at 60 psi.g. 

The saturation temperature is 307"" F. 

The radiation surface is, with flanges, etc., about 620 sq. ft. (Table XXIV, 
and Section 190). 

The heat loss is about 78 Btu/sq. ft./hr. (Table XXIII and Fig. 45). 

The total heat loss is 620 x 78 = 48,360 Btu/hr., or 8 -1 Btu/lb. of steam. 

A superheat of 20° F. should give a small margin and be quite sufficient. 

181. STEAM DRIERS. There are many steam driers—^so-called—on the 
market. Many of them are not much use. The separation of minute water 
droplets from fast flowing steam is not an easy matter. The most serious 
attention has been given to steam drying in the drums of high pressure boilers 
and between the intermediate and low-pressure cylinders of large turbines. 
The tendency in boiler drums seems to be towards the washing of the steam 
with some of the circulating water. Such methods are hardly applicable to 
steam pipes. Some of the turbine steam driers are said to reduce the moisture 
content down to J per cent. Nothing approaching this can be expected from 
the ordinary baffled pot which is such a familiar illustration in catalogues. 

Many driers work on the centrifugal principle. The steam is given a 
swirling motion in the outer large diameter part of the drier. It is then made to 
turn through 180"^. It maintains its rotary motion and as it passes up the 
smaller central section its rotational speed increases in order to maintain its 
angular momentum. Fig. 51 shows this type of drier. The moisture is thus 
thrown on to the outer surfaces, down which it runs to the drain outlet. 



The ordinary baffled pot depends also on centrifugal force for its action. 
It is the centrifugal force acting on the heavier water droplets at the change of 
direction of the steam round the baffles that throws them outwards. The 
faster steam is flowing the greater will be the centrifugal force, consequently the 
faster the flow through the drier the greater the drying effect. There is however 
a limit. If the flow is too fast the deposited water will be brushed off the sides 
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of the separator and will be carried on with the steam. Steam driers therefore 
are not at all adaptable to fluctuating loads. If the flow is too slow there will be 
little or no separation. If the flow is too fast, much of the good separation may 
be undone. The size of a steam drier therefore must be chosen with care. 
A margin for luck ” just makes certain that the thing cannot work properly. 

There are other types of steam drier which do not rely upon centrifugal 
action. In some types the steam passes plates which carry projections which 
collect the water droplets. Driers of this kind are said to do their work over a 
wider flow range than the centrifugal types. 

182. WIREDRAWING EFFECT. Suppose the process requires steam at 
30 psi.g. and suppose it is raised in the boilers at loo psi.g. Suppose also that 
it is saturated and that it is distributed at 100 psi. It will part with its heat 
readily all along the line with resultant condensation. Much of this condensa¬ 
tion will reach the pipe wall and will be removed by the pipe draining system. 
When the 100 psi steam reaches the point where it is to be used it is reduced in 
pressure to 30 psi. It will be wiredrawn and superheated (Section 48). 

Saturated steam at 100 psi.g. contains 1,191 Btu, 

whereas saturated steam at 30 psi.g. contains only 1,173 

The pressure reduction makes 18 Btu available for superheating the 30 psi 
steam by 36° F. (A good rough rule for low and medium pressure steam is to 
take the specific heat as being -5, so that i Btu will raise the temperature 2*^ F.) 

If the steam contains moisture there will be no superheating. The excess 
Btu will be used in evaporating moisture. 

The latent heat at 30 psi is 930 Btu, so that the 18 Btu will evaporate 
= • 01Q lb. of water or i *0 per cent, of wetness. 

930 

If the steam contains less than 2 per cent, of moisture this will be all very 
nice. Unfortunately, the steam is much more likely to be 5 per cent., 
10 per cent, or even 20 per cent. wet. So we see that this last minute drying 
by wiredrawing is rather a myth unless the pressure reduction is very great, in 
which case some better use should be made of the pressure drop than just 
saving the face of the entropy increase by calling it drying. 

It is sometimes suggested that by lowering the pressure at the earliest 
possible point and doing the bulk of the distribution at low pres^re the steam 
will be wiredrawn and dried. It is now clear that this can only be a good 
argument if the steam was pretty dry to start with. But it is true that the steam 
will probably be drier at the beginning of its journey than near its end and, 
provided the steam mains are large enough, it is better to do as much early 
pressure reduction as possible and take advantage of the superheat by wire¬ 
drawing however small it may be. 

183. SUPERHEATING AND LOW PRESSURE. Steam should leave the 
boiler slightly superheated and should, if possible, be produced at only a few 
pounds above the process pressure—just sufficient excess pressure to compensate 
for the pressure drop along the pipe. Similarly, engine or turbine exhaust 
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should be arranged, if possible, to be slightly superheated. This is easy on a 
turbine but reciprocating engines must be lubricated if they are to use super¬ 
heated steam and this will almost certainly call for some device to remove the 
oil from the engine exhaust. 

Where the whole of the steam does not pass through the power-producing 
plant and where the live steam is superheated, the steam reduced direct from 
the high-pressure main for augmenting the engine exhaust may have enough 
superheat in it after wiredrawing to dry the exhaust from the engine with which 
it mixes. Where the amount of reduced steam is relatively large compared 
to the exhaust there may even be too much superheat in the mixed process 
steam. 

Where high or moderate pressure steam with some superheat is distributed, 
it should, if it is eventually to be reduced in pressure, be reduced before it has 
lost all its superheat. It might be thought that it does not matter when the 
reduction takes place as the wiredrawing will either superheat dry steam or will 
dry wet steam. This is true enough, but once steam is allowed to get wet it will 
lose heat faster and this extra heat loss is not recoverable. 

It becomes more and more apparent that, apart from first cost, all arguments 
seem to favour the distribution of steam at the process low pressure. There 
may be difficulties about getting the right amount of superheat. If the process 
steam is reduced from high pressure, especially from superheated high pressure, 
it may be much too hot at the point of use. This will call for desuperheating. 
If reciprocating engines are used with initially superheated steam and exhausting 
to process, oil separators will be needed. 

184 . OIL SEPARATORS. Oil cannot be permitted to come into contact 
with most process products ; for example, food, drink or textiles. If steam is 
blown into any process vessel direct it must be oil-free. Even if no steam is 
used for direct injection oil is liable to coat heating surfaces and reduce heat 



transfer. Oil is a very bad conductor of heat. Some published figures show it 
as being ten times as bad as boiler scale. If the condensate is used for boiler 
feed it must be free from oil. 
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Fig. 54 shows a simple desuperheater that takes all the superheat out. An 
excess of water is pumped through the sprays, the excess returning to the 
pump from the outlet at the bottom through a trap. 

5.5 shows a thermostatically operated desuperheater that is inserted 
into the steam pipe. In this device the size of the vortex spray nozzle is controlled 
by the thermostat rotating the segment which can close or open the throat 



detail of expand ng nozzle 


FIG. 55. THERMOSTATIC DESUPERHEATER INSERTED IN PIPE 

of the vortex. This ingeniously gets over a major difliculty. Any form of 
spray nozzle ceases to spray and becomes a dribble when the flow through it is 
reduced to a certain point. The device shown in Fig. 55 is an expanding spray 
nozzle and continues to spray down to very low flows. 

In Section 146 one of the requirements of the plant under consideration 
was that the quantity of steam was to be a minimum. Any desuperheating by 
contact with water must increase the quantity of steam. In the example in 
Section 146 this increase was 8 95 per cent. In order to desuperheat without 
increasing the steam quantity it will be necessary to use a dry desuperheater, 
in other words a plain heat exchanger or calorifier. The chief difficulty of 
using such a device is to find a suitable liquid to receive the heat addition. 
The temperature may be very high, and it is waste of good heat potential to 
heat cold or warm water. It might be possible to take the water leaving the 
economiser and heat it on its way to the boiler, but this will leave some 
extra heat in the flue gas and will call for air heaters lest what has been gained 
on the desuperheating roundabout is not lost on the flue-gas swings. In some 
factories where oils or other high boiling point liquids are dealt with there may 
be scope for dry desuperheating, but in most factory processes the heating of 
process liquors can be largely done with low-grade heat. Heating by desuper¬ 
heater is merely a disguised way of heating by live steam. 

186 . MEASURING STEAM QUALITY. All this talk of dry steam, wet 
steam and superheated steam is rather beside the mark if we do not know 
whether steam at any particular part of the plant is dry, wet or superheated. 
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If Steam is superheated a thermometer in the pipe should show this correctly. 
Suppose the pressure in the pipe is measured on a gauge whose accuracy has 
been checked and is found to be 24 psi.g. The steam table gives the saturation 
temperature of steam at this pressure as F. If the thermometer, which 
must also be checked for accuracy, shows 295® F., there is clearly a superheat 
of 30® F. equivalent to a superheat heat content of 15 Btu. 

If the steam is wet the measurement is much more diflBcult. It can be said 
at once that a really accurate measurement is impossible, but with care a result 
quite near enough for practical factory purposes can be obtained. The 
difficulty is not in the measurement ; it is in the almost impossibility of being 
certain that a representative sample of the steam flowing along the pipe has 
been taken. A description of the way in which wetness in steam is measured is 
given in the next chapter. 

The quality of steam should be measured at a number of different points 
in the factory. The amount of moisture in most factory steam is not generally 
appreciated. Could one but pay a visit to the inside of our steam pipes one 
would only too often be enveloped in a heavy Scotch mist. A large factory 
in Scotland (appropriately) recently found the steam at the end of one of its 
distribution lines to be 75 per cent. wet. 

187 , DISTRIBUTION LAY-OUT. The ari'angement of Steam pipes—any 
pipes in fact— is in most factories lamentable. Factories are generally laid out 
with a view only to plant convenience or to making the best use of an unsuitable 
building. Often the piping is not designed at all. It is “ coupled up after the 
plant is in position. As the years pass alterations and additions are made so 
that most factories a generation or so old have a tangle of bends, tees, elbows, 
valves, cross-connections, bye-passes, dead-ends, etc., such that each piece of 
plant passeth all understanding. 

Piping calls for just as much care and thought as any other part of the plant 
design. Actually it is often much more difficult to design good piping than to 
design good plant. Ever)^ unnecessary bend, tee, elbow or whatnot should be 
eliminated—all they do is to increase entropy. Kinks and dogs’ hind legs 
mean either a larger pressure drop or a larger pipe or a restricted flow. When 
vertical and horizontal pipes are carried on the same wall, only too often does 
one pipe jump another by means of four elbows. I n a 4-in. pipe this is equivalent 
to 32 ft. of extra pipe length on the resistance to flow—see Table XXVIII. 
A good rule to make is that all vertical pipes be fitted snug against the wall, 
and that horizontal pipes be carried a foot or so clear of the wall. I'his avoids 
the need for jumping and gives the greatest floor space, as horizontal pipes can 
generally be carried above head level. 

While pipes should always be as shoit as possible, short pipes mean rigid 
pipes and troubles due to expansion may occur, with cracked or damaged 
flanges—see Sections 192-202. 

Elbows should never be used if there is room for bends—the easier the bend 
the better. Tees should be replaced with easy Ys. Unfortunately, easy Ys are 
not stocked by most pipe fittings makers except in small low-piessure sizes. 
Unless there is some good reason for using them, globe valves should not be 
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used in preference to slide- sluice- or gate valves. With a little care and trouble 
it is often easy to halve the resistance offered by a pipe. This may enable a 
smaller pipe to be used or may enable the pressure to be reduced. 

Distribution lay-out may be inextricably mixed up with other things. We 
shall see later that steam pressure has a marked effect on heat output in a piece 
of plant, as also has the proper draining of condensate. 

In the carding room of a certain West Country woollen mill the combs are 
heated by steam which enters the first comb heater at 90 psi. The outlet from 
this heater goes straight to the inlet of its neighbour and so on in series for 
eight combs. The first comb gets good fairly dry steam at 90 psi ; the last 
comb gets seven parts of condensate and one part of steam at about 60 psi. 
The management insisted that exact temperature was of supreme importance, 
and that long experience had proved that 90 psi was essential. Actually all 
the combs are at different uncontrollable temperatures. The correct lay out 
for this carding plant is, of course, a main steam pipe with a branch to each 
comb whose heater should be individually trapped. Then 20 psi would 
probably prove as effective in Somerset as it can be in Yorkshire. 

Where pieces of plant are large steam users, or where pipe branches feed 
large groups of small users, an endeavour should always be made to arrange 
part of the pipe feeding them so that there is a straight length for at least 
20 pipe diameters, preferably 30 diameters. This will enable an orifice for a 
steam flow meter to be fitted w^ith the assurance that its indications will be 
accurate, 

188 . IMPROVING OLD PIPING TANGLES. Much can be done to old 
lay-outs with much benefit. Pipes often go round three sides of a building 
instead of along the fourth side. Methods change, plant changes, loads change, 
but the old pipes are modified, tinkered and made to do. By re-arranging old 
piping there are generally three benefits : a great saving in heat loss ; a material 
reduction in pipe resistance ; a lot of spare piping to put in store. 

189 . DEAD PIPES. When a steam pipe is put out of use, this is generally 
done by one of two methods, both of them bad. The valve controlling the 
supply to the branch that is to be shut down is closed, or a slip joint (or blanking 
disc) is slipped into one of the pipe joints. If the plant is going to be dead for 
only a few days these methods are all right, but if it is to be laid off for months 
or indefinitely something better must be done. Valves can and often do leak. 
A slip joint after a few months can rust through without showing any outward 
sign. So-called cold piping is often piping hot. 

Steam pipes that are to be made dead for weeks or indefinitely should be 
properly put out of use. There is only one proper way. Remove a length of 
pipe, an elbow or a bend as far upstream as possible and fit a blind flange, 
or a plug to the live branch. If a slip joint must be used, it should be made of 
stainless steel or monel metal. 

190 . DRAINAGE OF PIPES. Even if superheated Steam is being used there 
will always be condensation when the pipe is cold at every start-up and shut¬ 
down, whether these occur daily, weekly or yearly. Provision for draining away 
water must always be made. The water may not be due to condensation ; it 
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may be carry-over from the boiler. All pipes should be erected with a slight 
fall in the direction of flow. Draining points often receive even less attention 
than pipe lay-out. Drains are often added haphazard after the pipe has suffered 
from severe water hammer. Drainage should be considered with the whole 
piping arrangement and should receive as much attention as any other require¬ 
ment. 

Fig. 56a shows a common method of fitting a pipe draining connection. 
Fig 56b shows an even worse but not uncommon way. In Fig. 56b the pipe 
cannot possibly drain. In Fig. 56a very little condensate is likely to find its 
way out. Table XXVII gives the recommended speed for saturated steam as 



FIG. 56. WRONG WAYS OF DRAINING PIPES 


100 to 130 ft./sec. or 70 to 90 m.p.h. The condensate is being dragged 
along at perhaps 30 m.p.h. and nothing like a fin. hole in 4 in. pipe will catch it. 
The draining of a blind end in any such way as shown in Fig. 56c and sGd 
just makes sure that the pipe will be quarter full. To drain a steam pipe 
properly there must be proper catch pots at regular intervals. Fig. 57a shows 
the proper way of draining a straight horizontal pipe. Fig. 57b shows a method 
of draining a vertical bend. This is good for steam flow ; not quite so good 
for condensate catching. Fig. 57c shows the right way of draining a vertical 
elbow, by using a full bore Tee. This is hard on steam flow, but excellent for 
catching condensate. Figs. 57d and 57e show the right way of draining a blind 
end. The arrangement shown in Fig. 57f has much to recommend it. By 
taking the trap connection from a point an inch or two above the bottom of the 
Tee a good dirt trap is provided for the collection of grit, scale, etc. 

There are other very important considerations about the draining of steam 
mains. They ought perhaps to be dealt with in the Chapters on condensate 
handling and traps, but they are so important that they will be discussed now 
and reference can be made to Chapters 8 and 9 if necessary. 

The draining of a steam main is particularly important when it is being 
warmed up from cold. The conditions are not always properly appreciated, 
with the result that much damage from water hammer (see the next Section) 
can be done. The higher the pressure for which the piping is designed the greater 
are the difficulties. Often piping is installed where clearly there has been no 
attempt to estimate the conditions that will occur during warming up, and the 
trapping system is little more than a gesture. 
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High pressure trgps (see Chapter 8) have a very small outlet valve. This 
is for two reasons. First, in a high pressure trap there is a very high pressure 
difference across the valve opening and consequently the flow will be very fast. 
Second, the mechanism of the trap has to open the valve against the working 
pressure ; if the valve had a big area this would mean that the operating 
mechanism would be very large, powerful and clumsy. 



FIG. 57. RIGHT WAYS OF DRAINING PIPES 

If the pressure drop across the valve of a high pressure trap is very low, very 
little condensate will be discharged. When the pipe is cold and steam is first 
turned on condensation will be very rapid while the heat transmission to the 
cold pipe is fast. At the same time the pressure in the pipe will be low, partly 
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because the cold pipe will be acting as a condenser and partly because ordinary 
prudence discourages most people from quick raising of pressure in a high 
pressure main. Consequently during the time when there is the most conden¬ 
sate to get rid of, there is the least pressure to dispharge it. Matters are sometimes 
even worse. In many factories the condensate is returned to a level above the 
steam pipes. This extra head, together with the low pressure during warming 
up may prevent the discharge of any condensate whatsoever. 

In many plants it is common practice to blow direct to atmosphere during 
warming up, by opening the trap bye-passes. This is a wasteful practice because 
the bye-pass is often left open much too long for safety’s sake. If the draining 
system is not quite perfect, the bye-passes should be opened and the drainings 
blown to atmosphere. It is far better to waste a little steam and condensate 
than to induce water hammer. There should be no need to open bye-passes ; 
no need for water hammer ; but the draining arrangements must be properly 
done. 

{a) The traps must be as far below the steam pipe as possible. This 
gives the condensate a chance to add its own weight to help it out 
when the pressure is low. If, for example, the traps could be 
30 feet below the pipe the condensate would exert a hydrostatic 
head of 13 psi on the trap discharge valve. 

{b) Condensate, drained from a steam pipe^ should not be discharged to a 
higher level. The trap is then relieved of all back pressure and 
the low pressure inside the pipe together with the hydrostatic 
head are enabled to do their unimpeded best to drain the pipe. 

(c) The condensate collecting pockets should be generous. This provides 
safety reservoirs. 

(rf) The traps should be large enough to discharge the warming-up 
condensate at warming-up pressure at a sufficient rate to prevent 
the condensate collecting pockets from filling right up. 

Trap discharge rates under various pressures can be obtained from the 
makers. The amount of condensate made during warming-up can be very 
easily estimated. 

The specific heat of iron is *15, so that iBtu will raise i lb. of pipe 6*66'’ F. 
The heat available for warming up is the latent heat at the actual pressure inside 
the pipe. 

So that the warming up of i lb. of pipe will condense 

Temp. Rise X *15 , ^ ^ 

— j -^ pounds of steam. 

Latent Heat 

Take, as an example, the 4 in. pipe considered in Section 174. 

Its straight length is 450 feet. 

It has 16 fittings, each with a pair of flanges. 

There will perhaps be another 40 flanges in the straight pipe. 

Table XVIII in the Appendix gives the weight of this pipe as 9-7 lb./ft. 
and 12*7 lb./pair of flanges. 
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This makes a total weight of some 5,100 pounds. 

The temperature of 60 psi.g. steam is 307*^ F., 
and the latent heat is 905 Btu. 

If the pipe is to be heated from 60® F. the temperature rise will be 247® F. 
The amount of condensate produced to warm up this pipe will be 


247 X 5,100 X -15 

905 


= 209 lb. or 21 gallons. 


At first the pressure will not rise to 60 psi so that the latent heat will be 
higher. While the pipe is cool much of the sensible heat in the condensate will 
go to heat the pipe. Both these will reduce the actual weight of condensate pro¬ 
duced. On the other hand the pipe is losing heat all the time by radiation and 
convection, which increases the amount of steam needed. Roughly and readily 
the foregoing estimate is quite near enough. 


This pipe will have a surface of about 

(475 X I • 178) + (56 X I • 134) = 623 sq. ft. (Table XXIV). 

If it is lagged with ij in. lagging it will lose (Table XXIII) 75 Btu/sq. ft./hr. 

622 X 7*1 

The amount of condensate will be — - — = 52 lb. or 5 • 2 gall/hour. 

9^5 

If the pipe takes 5 minutes to warm up the draining system will have 50 times 
as much condensate to handle during warming as during running ; and, during 
warming, there is much less inducement for the condensate to leave. 


191 . WATER HAMMER. Water is to all intents and purposes incom¬ 
pressible. Normal steam flow is at about 80 miles an hour. If water, condensate 
or boiler carry-over, collects in the bottom of a pipe, such as the sorry sagging 
system shown in Fig. 58 ripples will form on the surface. The steam will blow 
these ripples into waves until a wave is high enough to fill the pipe. There is 
then an incompressible liquid piston travelling along the pipe at steam speed. 


STEAM FLOW 






WAVES ON 
CONDENSATE POOL' 


1 
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FIG. 58. THE INITIATION OF WATER HAMMER IN A BADLY DRAINED PIPE 


When this slug of water, travelhng at 8o m.p.h. reaches an elbow, valve or 
whatnot, it is brought up—bang. Water hammer may be dangerous. Slight 
hammer can be harmful. It can damage traps, make joints leak, damage 
thermostat bellows, etc. Bad hammer can fracture pipes. Water hammer must 
never be tolerated. If it is due to the condensing of steam during distribution in 
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Steam pipes or if it is due to boiler carry-over it can be completely eliminated 
by giving the piping a proper fall and arranging proper catch pots and providing 
proper sized traps and drains. 

Water hammer in steam pipes occurs for quite a different reason from the 
hammer that sometimes happens in an economiser or hot water pipe. If the 
water in an economiser is brought up to the boiling point appropriate to the 
particular pressure, any sudden demand for water from the boiler will cause a 
momentary drop in pressure and some of the water will flash into steam. If 
some cooler water—cooler by a very few degrees—reaches one of these pockets 
of steam, and particularly if this is accompanied by a small rise in pressure, the 
steam will condense and the water will come together with a bang. 

192 . EXPANSION. The amount of expansion that occurs when a steam pipe 
is heated up from cold is well known, but it is often forgotten. Table XXX sets 
it out as a reminder. 

TABLE XXX. THERMAL EXPANSION OF PIPES 


TEMPERATURE 

RISE °F. 

EXPANSION IN INCHES 
PER 100 FEET 

1 . 

From 60 to 150 

•75 

60 

200 

M5 

60 

250 

1-6 

60 

300 

20 

60 

350 

2-4 

60 

400 

2-9 

60 

450 

3-3 

60 

500 

3*8 

60 

600 

4-8 

60 

700 

5-8 

60 

800 

6-9 

60 

900 

80 


Some kind of provision is often made to accommodate expansion, but seldom 
are proper steps taken to see that the expansion movement goes the way it 
was intended to by providing proper anchorages for the pipes. Before con¬ 
sidering anchorages there are certain points about expansion devices that must 
be gone into. 

There are a number of different arrangements in common use for taking 
care of the expansion movement in pipes. Some of them differ very considerably 
from the others in qualities and behaviour. The following list gives the more 
important devices :— 

(1) The sliding expansion joint. 

(2) The expansion bellows. 

(3) The expansion diaphragm. 

(4) The lyre loop. 

(5) The full loop. 

(6) The creased bend. 

(7) Plenty of length and bends. 
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193 . THE SLIDING EXPANSION JOINT. The sliding expansion joint is 
shown in Fig. 59. The construction is quite clear. It consists of a socket 
carrying a packed gland in w^hich the other part of the joint can slide. When 
pressure is applied to the inside of the joint it forces the two portions apart ; 
so provision must be made by means of the retaining bolts shown to prevent the 
whole thing blowing open. The steam pressure acts, not on the cross sectional 
area of the pipe but on the cross section of the sleeve part of the joint— 
a considerably bigger area. At 260 psi the force pushing in either direction 
trying to blow the joint apart is about if tons on a 4-in. pipe. Unless the pipe 
anchorages are properly looked after, these joints generally blow out to the 
full extent that the retaining bolts will permit (the position shown in Fig. 59). 
As the pipe warms up and expansion takes place the expansion is not taken up 
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by the expansion joint ; the pipe just moves further outward. Unless the 
anchorage is really looked after, the net disturbance to the pipe system can be 
greater with a sliding expansion joint than with no provision for expansion at 
all. If the pipes are properly anchored in the proper place to prevent the joint 
blowing outwards and to compel the expansion movement to go inwards these 
joints will operate fairly satisfactorily. However, they sufTer from other 
disabilities. They often leak profusely and persistently ; they sometimes rust 
up solid ; they only accommodate straight line movement. Of all expansion 
devices they are probably the least satisfactory, although on very large diameter 
pipes they are the only type of expansion device that can in many cases be used. 

194 . THE EXPANSION BELLOWS. The bellows is shown in Fig. 6oa. 
It suffers from some, but not all, of the shortcomings of the sliding joint. It also 
has some nasty properties that are all its ow^n. As in the sliding joint any pressure 
inside the bellows tends to blow it apart or rather open it to the fullest extent. 
The pressure acts on the full area of each fold. If the pipe is properly anchored 
so that the bellows does not blow out and the expansion movement is compelled 
to compress the bellows, not only has the anchorage to take the thrust needed 
to compress the bellows but it must take the blow-open thrust as well. The 
load on pipe anchorages with bellows-fitted pipes can be very severe indeed. 
Figures taken in the author’s works in 1943 showed that a bellows with four folds 
for an 8-in. pipe exerted an outward force of 13^ tons with a pressure of 250 psi 
inside it. An additional force of 5^ tons was needed to compress the bellows 
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by in.—the amount needed to take up the expansion in 15 ft. of pipe. This 
is a total load on the pipe anchorages of 19 tons. No wonder that welded-on 
anchorage lugs get torn off. The pressures and end thrust showed that the 
effective “ pistonlike ’’ diameter of the bellow^s was just half-way between the 
pipe diameter and the bellows-fold diameter. 
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FIG. 60. EXPANSION BELLOWS 


The anchorage of pipes fitted with bellows expansions requires great thought 
and must be very robust, othei*wise the bellows will delight in taking up a 
shape like that in Fig. 6ob, with very severe local stressing. A bellows with 
many folds is a w'obbly affair. If, therefore, the pipe has a large temperature 
change and much movement is to be accommodated, it will be necessary to 
fit a number of sets of bellows. Probably four or five folds are the most that 
should be used in one set. 

A bellows fitted in a horizontal pipe provides many pockets for the collection 
of condensate. On the other hand, a bellows will accommodate itself to angular 
and out of line movements in a Wciy that the sliding joint cannot aspire to. 

195 . THE EXPANSION DIAPHRAGM. The diaphragm shown in Fig. 6i 
is simply a single “ bellow ” of large dicimcter. It is generally used only on very 
low-pressure apparatus or on plant working under vacuum. With pressures 
above atmospheric it suffers from a desire to blow apart even more than the 



bellows owing to the much larger area on which the pressure acts. If used under 
vacuum conditions the atmospheric pressure tends to close it up, and, if the 
anchorages are not good, uses up all the movement that should be available 
for the expansion. It is cheap and simple. 
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These three devices, the sliding joint, the bellows and the diaphragm all 
suffer from a serious common disability. The pipe is in effect cut in two and 
must be held tightly lest it blow apart. 

196 . THE LYRE LOOP. The Lyre Loop shown in Fig. 62 is an expansion 
device that is frequently used. It is a strong continuous structure. Pressure 
inside it cannot blow it apart. There is a slight straightening-out effect, but 
this is not very great and will not result in forces that cannot be easily taken 
by reasonably good anchorages. When it expands or contracts the flanges at 
either end can remain parallel without undue stresses. 

The lyre loop is often fitted vertically. If this must be done, owing to lack 
of space, a drain and trap must be fitted in front of each loop, or trouble with 
water hammer will occur. Wherever possible it should be fitted horizontally. 
T t is an excellent device, which will accommodate itself to out-of-line and angular 
movement. It is to be highly commended. 


197 . THE FULL LOOP. The Full Loop is simply one complete helical turn 
of the pipe and is shown in Fig. 63. It is simple, robust and occupies less space 
than the lyre loop. When pressure acts inside it there is a slight tendency to 
unwind. When it is pulled out cold, or when it is compressed under hot expansion 
the flanges get out of line and suffer considerable stress, but these stresses seem 
to have no ill-effects on the joints. The full loop lends itself to horizontal 
fitting at the end of a horizontal run of pipe. It has a natural fall (unless some 
bone-head fits a wrong-handed loop), it is more compact than the lyre loop, 
but theoretically not quite so sound. It is an excellent device. 



FIG. 62. LYRE 

expansion loop 



FIG. 63. FULL 
EXPANSION LOOP 



EXPANSION BEND 


198 . THE CREASED BEND. Fig. 64 shows a creased bend. Sometimes lyre 
loops are made creased. Such a bend is more flexible than a plain bend, when 
it is not under pressure. The creased bend is a subtle lop-sided bellows. The 
outside of the bend is plain, the inside is a bellows. The inside tends to lengthen 
under steam pressure and hence to straighten the bend. If a creased lyre loop 
is used the whole loop tends to straighten out and put an outward force on the 
anchorages. Anv advantages that it may have in increased flexibility are 
probably counteracted by this straightening force that it produces. The original 
reason for creasing bends was to eliminate the thinning that takes place on the 
outside of a bend during manufacture This is an advantage, possibly, and for 
a given radius a creased bend is much more flexible than a plain bend ; but 
it possesses the bad qualities of a lop-sided bellows. 
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Loops, bends and lyre loops can be obtained fully creased, when they are 
simply long bellows. They are extremely flexible, but can move about in all 
directions and of course are always trying to lengthen. 

199 . PLENTY OF LENGTH AND BENDS. Given a fair length and plenty 
of bends a pipe system can accommodate itself very well to expansion. Fig. 65 
shows an exceedingly bad arrangement of a branch from a steam main feeding 
a vertical engine. The tee branch and the engine flange are being cruelly 
treated. If a loop, such as is shown in Fig. 66, cannot, for some reason, be fitted, 
a satisfactory result would be got by lengthening the vertical pipes, if this is 
possible, as shown in Fig. 67. This of course adds to the length of pipe ; 
increases the heat losing surface ; increases pressure drop and costs more. 
Unfortunately all the satisfactory expansion devices do all these things. 




FIG. 66. GOOD PIPING ARRANGEMENT 



In Figs. 66 and 67 if it is necessary (as it often indeed is) for the engine valve 
chest to take the load imposed by pipe expansion, the pipe must be designed 
to be short, when free and cold, by about half the expected expansion. The 
engine flange will then be under a “ pull ’’ when cold and an equal push ” 
when hot. 
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FIG. 68. PIPE ANCHORAGES AND GUIDES 
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200 . ANCHORAGES AND SUPPORTS. The anchoring of steam pipes is 
very important. Anchorages seldom get the attention they merit. When the 
amount of expansion that must be taken care of has been worked out, a decision 
must be made as to where the expansion movement is to be taken up. Fixed 
definite anchorages must then be placed so as to compel the movement to take 
place as desired. Fig. 68 shows several forms of anchorages. It is rather difficult 
to lay down rules. 



FIG. 69. UNCONTROLLED PIPE EXPANSION MOVEMENT 


If bends are to take the movement, the anchorages should if possible be 
midway between the bends. If loops are provided then the anchorages should 
be placed at those points where no movement is desired. A tee should almost 
always be anchored in all directions otherwise the flanges will be racked and 
stressed. The tee itself should not be anchored, but the pipes immediately 
adjacent—Fig. 68a. 

Spring supports are very common. Their virtue is often largely illusory. 
When a pipe gets hot the spring may be completely relieved of the pipe load ; 
or the spring may be fully compressed so that it might just as well not have been 
provided. 

On the other hand proper spring supports are of great value. Where 
expansion is absorbed by length, bends and loops, lengths of pipe, too long to 
be unsupported, may move up or down by several inches. In such cases spring 
supports are essential. There is at least one make of spring support in which, 
by suitable bell crank leverage, the load on the spring remains virtually constant 
over a movement of several inches. 

Hangers that permit swing should be used with discretion. If hangers 
support a pipe fitted with bellows, the force needed to compress the bellows 
is so great that the pipe will probably much prefer to assume a serpentine form. 
This swings the hangers, causing the pipe’s path in the other plane to be a mild 
switchback in whose dips condensate can collect. See Fig. 69. 

Hangers should always be provided with some kind of universal joint. One 
method is to suspend the hanger on a spherical washer over a clearance hole. 
Fig. 68e. Another way is to make a simple universal joint out of a short length 
of tube partly flattened at each end with the flats at right angles, see Fig. 68f. 
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Possibly the best form of pipe support between the anchorages is the roller. 
It can be made to limit movement in any direction. Fig. 68c. It is not much 
good fitting rollers if they are only used to support the weight of the pipe. 
Unless they are fitted above as well as below there is nothing to prevent the 
pipe arching or becoming serpentine. Roller supports necessitate a part of the 
pipe at the roller being left bare of lagging. Rollers are expensive. Some 
authorities hold that they stress the pipe unduly due to point contact. 

Better contact can be obtained between pipe and roller if a flat pad is 
welded to the pipe. The pad can then bear on a plain cylindrical roller, 
Fig. 68d. 

Most jobs, especially of small bore piping, do not warrant the expense of 
roller supports. If a good fall can be given to a pipe a little snakelike movement 
does no harm. 

Pipe-hanging merits more attention than it usually receives. It is very 
difficult to be categorical and the recommendations given in this Section are by 
no means of universal application. 

The pipes to and from turbines are of great importance. This is especially 
true of back pressure machines, where the turbine casing is relatively small and 
may be racked and distorted by the exuberant movement of a huge exhaust 
pipe. I’he sizing, hanging and expansion arrangements of pipes to and from a 
turbine should always be the responsibility of the turbine builder. 

201 . THE MYSTERIES OF EXPANSION. In many factories no provision 
is made for expansion and they get away with it. Expansion movements can 
be very queer. In the author’s factory there was for many years a large steel 
mixer 6o ft. long and lo ft in diameter. This was rigidly tied to a dozen cast 
iron columns in an old brick building. Every week-end there must have been a 
movement of nearly f in., but it was never detected ; the brick walls were not 
pushed out ; the cast iron columns were not cracked. What is the answer ? 
It is not “ Don’t let’s bother. It will be all right ”. It is “ Take all reasonable 
precautions and if they fall short of perfection it may be all right ”. 

Piping, if working at fairly high temperature, should be designed as if it 
were three-fifths hot. This will call for a lot of pulling up during cold erection. 
Actually it means that if an expansion movement of 5 in. is to be expected in a 
piping system, the cold pipe must be pulled up 3 in. during cold erection. One 
of the advantages of expansion loops is that they move in either direction with 
almost equal readiness. Expansion loops should be designed so that when cold, 
three-fifths of the total expected movement must be pulled up. 

The amount of movement that expansion loops can accommodate cannot be 
given here. It depends on the thickness of the pipe wall as well as on the 
pipe diameter and the working temperature. The movement and the load 
imposed on the anchorages should be obtained from the makers. For rough 
guidance it is generally safe to say that a standard expansion loop will accom¬ 
modate a movement about equal to half the bore of the pipe. 

202 . FEEDING BRANCHES. When steam flows past a branch it has 
momentum and must be forced to turn down the branch by means of a pressure 
drop. On the upstream side ot the branch the velocity is higher than on the 
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downstream side. The steam acquires this velocity energy by stealing some 
of its own pressure energy. On the downstream side of the branch the steam 
flows slower and the velocity head is converted back into pressure head so that 
there is a greater pressure beyond the branch than above it. If the straight pipe 
and the branch feed identical plant the branch tends to be starved. 

Fig. 70 shows a simple compact pipe arrangement for feeding the four 
steam inlets of a large evaporator. Inlet A is nearest the steam supply ; inlet C 
is furthest from the supply. It might be expected that inlet A would get the 



FIG. 70 . SIMPLE ARRANGEMENT OF PIPING WILL STARVE BRANCH A AND GIVE 

BRANCH C EXCESS 

most steam and C the least. This will probably not be so except at very low 
steam flows when the steam velocity is so small that there is little momentum 
and little velocity head. At high steam flows branch X will be starved to the 
benefit of branch Y and branches A and B will be starved to the benefit of D 
and C. So that inlet A will get least steam and inlet G will get most. Unequal 
steam supply between the inlets may upset the circulation in the evaporator and 
should be avoided. 



FIG. 71 . ARRANGEMENT OF PIPING TO GIVE PERFECTLY EVEN STEAM DISTRIBUTION 

Fig. 71 shows the correct method of feeding the plant, using standard fittings. 
The steam to each inlet goes an identical distance through identically shaped 
piping. The number of Tees are the same as in Fig. 70, but each path has three 
extra bends. This is the forfeit that must be paid for equal distribution. In 
addition to even distribution, the arrangement in Fig. 71 is very flexible and 
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will deal with its own expansion movements, whereas the arrangement in 
Fig. 70 is rigid and calls for very careful design, workmanship and erection. 
The arrangement shown in Fig. 71 is all on one plane. Greater compactness 
may be obtained by putting some of the system in the vertical plane. Lower 
resistance can be got by using Y pipes instead of Ts. Fig. 72 shows what might 
be called the ideal arrangement. 



FIG. 72 . IMPROVED ARRANGEMENT OF PIPING TO GIVE EVEN STEAM DISTRIBUTION 
WITH REDUCED OBSTRUCTION TO STEAM FLOW AND FLEXIBILITY FOR EXPANSION 


The Institution of Mechanical Engineers have a section of old water main 
which was part of London’s water network some hundreds of years ago. In 
those days they hollowed tree trunks to make pipes and thus had to make 
virtues of necessities when forming a branch. I'hey had to choose a tree that 
had a natural easy Y shape. The coming of cheap castings has made our piping 
systems much more resistant to flow than they might be. 

203 . TYPES OF PIPING. There are four broad types of steam piping 
systems in use :— 

(a) Flanged cast iron. 

(d) Screwed steel. 

(c) Flanged steel. 

(rf) Welded steel. 

Cast iron flanged piping is very easy to erect. It will hold itself straight 
between hangers. It does not corrode or rust. It lends itself to easy alterations 
and additions. Awkward bends can be cheaply made. It is heavy. It has 
a large number of flanges that must be lagged at extra expense. Expansion 
movement incorrectly controlled is liable to crack flanges. 

Each type of steel piping has certain advantages and disadvantages over 
cast iron. Steel is much lighter. Flanges can be much fewer. It will accom¬ 
modate uncontrolled expansion movement fairly readily. It has a smaller 
surface to lose heat. It requires more frequent and careful hanging in order 
to prevent sagging. 

Screwed steel piping is cheap. It is easy to erect. Flanges are almost 
eliminated. Complicated arrangements require many unions to enable them to 
be erected. It does not lend itself to easy additions or alterations. Any leaks 
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that appear may be very difficult to cure as most joints cannot be tightened 
without disturbing the joints on either side. 

Flanged steel piping combines some of the advantages and disadvantages of 
flanged cast iron and any form of steel piping. The pipe lengths can be much 
longer than cast-iron lengths, so that there can be relatively few flanges. 



Welded steel piping is probably the ideal for water and for low-pressure 
steam. High pressure piping requires the experience of specialists. The very 
ease with which welded piping can be made of any shape is a danger unless the 
utmost care is used and meticulous testing and inspection carried out. Flanges 
can be reduced to a minimum, but erection should not be carried out by welding. 
Welds should, whenever possible, be done downwards as upward welding is 
difficult and uncertain. Welding sockets. Fig. 73, greatly facilitate erection. 
The pipes can be offered up in the erected position, the sockets tack-welded 
and the assembly lowered. The maximum length that can be conveniently 
handled can then be welded up accessibly, flanges fitted and the length tested. 
Without sockets much time is wasted in offering the ends and the tack welds 
have to be much more elaborate. The welding socket doubles the length of the 
weld, but more than halves the time of erection. Welding seems so easy and 
quick that the greatest restraint and caution must be used lest risky practices 
develop. 

The welding socket may prove unsatisfactory on some hot water or con¬ 
densate lines. There are two crannies at each joint where corrosion can start. 
If the material to be piped is known to be liable to attack steel pipes it may be 
better to make the weld without any internal or external socket. In this case 
clamps of various sizes and kinds must be used while making the tack welds with 
the pipes offered together and to hold the pipes correctly when being lowered 
lest the tacks be broken. 

Specialists should always be employed for high pressure piping. 

Cast iron piping should not be used for high pressure steam, nor for steam 
with much superheat. It is quite satisfactory for steam at pressures below 
100 psi, but the expansion arrangements must be carefully watched. The only 
expansion joint possible with cast iron is the sliding expansion joint. Cast iron 
must be used for the vapour pipes of many evaporators due to the corrosive 
nature of the vapour from many materials. 

Whatever kind and type of piping is used wherever flanges occur, they 
should be made and drilled to British Standard Specification. Table XVIII 
gives some figures covering the more common sizes. 
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204 . THE COST OF PIPING. When considering at what pressure steam 
should be distributed, the relative costs of large and small piping is constantly 
being considered. The cost must vary from job to job. Awkward situations 
and inaccessible places will increase the relative cost of the larger sizes. Many 
bends and tees also increase the cost but have little effect on the relative costs 
between the sizes. Table XXXI gives costs of erecting and lagging steel piping 
in the author’s factory in 1944 in accessible positions. 

TABLE XXXI. APPROXIMATE COST OF BUYING, 
ERECTING, LAGGING AND SHEETING 100 FT. OF 
STRAIGHT STEEL PIPING WITH WELDED 
JOINTS (1944) 


NOMINAL 

PIPE 

DIAMETER 

COST OF 100 FT. OF 
i ERECTED PIPE 

1 

LAGGING H'' THICK AND 
SHEETING 

TOTAL 

PIPE 

LABOUR 

MATERIAL 

LABOUR 

INCHES 

£ 5. 

d. 

1 

£ 

5 . 

d. 

£ 

s. 

d. 

£ S, 

d. 

£ 

s. 

d. 

2 

5 5 

0 

3 

11 

0 

10 

8 

0 

5 2 

0 

24 

6 

0 

3 

9 11 

0 

4 

9 

0 

12 

10 

0 

5 19 

0 

32 

9 

0 

4 

12 4 

0 

5 

6 

6 

14 

11 

0 

6 16 

0 

38 

17 

6 

5 

16 8 

9 

7 

2 

0 

16 

17 

6 

7 13 

0 

48 

1 

3 

6 

20 13 

6 

8 

17 

6 

17 

18 

0 

9 0 

0 

56 

9 

0 

7 

23 19 

3 

10 

13 

0 

20 

4 

0 

10 15 

0 

65 

11 

3 

8 

27 5 

0 

11 

11 

0 

22 

10 

0 

11 18 

0 

73 

4 

0 

9 

33 10 

0 

12 

8 

0 

23 

16 

0 

13 12 

0 

83 

6 

0 

10 

39 15 

0 

14 

4 

0 

24 

12 

0 

15 6 

0 

93 

17 

0 


Easy figures to remember are (at the time of writing). 5s. a foot for 2 in. 
piping, I os. a foot for 5 in., 15s, a foot for 8 in. pipe and a foot for 10 in. 
piping lagged and sheeted. 

205 . VALVES AND COCKS. Valves always give some trouble, always 
require quite a lot of maintenance and often leak. It generally pays to buy 
an expensive, high-class valve. For steam the parallel slide valve is probably 
the best, but it should not be used in the cracked open position (nor should any 
steam valve for that matter except those special valves designed specifically for 
accurate control at very small openings) and it is very difficult to train operators 
not to screw the spindle down tight. The valve wheel should be turned to the 
limit of its travel and then eased back at least half a turn. If the valve is screwed 
down on to the body there is every chance that the loose joint faces may get 
askew and leak. The loose joint faces should be free to take up a flat position 
against the seating. 

For process liquids, including water, the rubber diaphragm valve is out¬ 
standing. It has no gland, it does not object to dirty gritty liquids, but it has 
several limitations. Most operators close it much too tight and damage the 
diaphragm. The standard hand wheel can well be replaced by one two-thirds 
or half the standard size. It is not always satisfactory on hot liquids and it 
cannot be used under vacuum. 
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Cocks are tempting. Their position can be seen at a glance. Three-way 
arrangements are easily made. None the less, the ordinary metal to metal 
cock should be avoided like the plague. It leaks profusely, it wears quickly, 
it quickly jams solid and its upkeep is tremendous. Some lubricated cocks are, 
however, quite satisfactory in applications where lubricant can be tolerated. 
There is also at least one make of packed cock which gives good service. 

Valve sizes are most important. From Sectibn 174 it might be thought 
that the valves should be as large as possible to reduce the resistance to steam 
flow. This is quite true of a simple stop valve which is either full open or tight 
shut. If the valve is used for controlling the steam flow to a piece of plant, 
whether automatically or by hand, the valve size is settled by control con¬ 
siderations. 


Consider an ordinary globe valve. When the valve is well clear of the seat 
the amount of steam that will flow depends on the area of the circular orifice 
of the valve seat and the pressure drop across it. When the steam has passed 
through the seat orifice it must then turn at right angles and pass through the 
circular slot between the seat and the valve. Let us see how high the valve 
must be lifted off the seat to provide an annular slot equal in area to the valve 
seat orifice. 

n D2 

If D is the diameter of the seat orifice, the area of the orifice is-• 

4 

The area of the annular slot is :— 


Circumference X Lift = tt D X Lift, 


If the slot area and the orifice area are to be equal, we have :— 

_ _ .. TC 

Tc D X Lift = - 

4 


Lift 


7rD2 
471D 


D 

4 ‘ 


If a 2 in. valve, full open, will pass all the steam required, the lift will be 

2 

= i in. off the seat. 

4 

Now the pressure drop across this full open valve is very small. Suppose it 
is desired to cut the heat flow to a heating surface in half. The temperature 
difference between the steam and the material—say boiling water—must be 
halved. If, when the valve was full open, the steam pressure was 30 psi.g., 
the temperature difference will have been 274 — 212 — 62° F. The reduced 
temperature difference must be about 31® F., so that the reduced steam tem¬ 
perature must be 212 +31 = 243° F. corresponding to steam at 11*5 psi.g. 
The pressure drop across the valve will now be 185 psi where before, when the 
valve was full open, it was perhaps • 25 psi. Now the flow varies approximately 
as the square root of the pressure drop. So that the flow with 18*5 psi pressure 
drop will be :— 


7^=7 74 — 8*6 times as much as with the full open valve with 


*25 

a pressure drop of -25 psi. 
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• c 

The valve must therefore be only opened —^ = • 058 in. 

8*6 

Now suppose a 4 in. valve had been used in place of a 2 in. The annular 
orifice would be double that of the 2 in. valve and the valve would only have to 
be opened about -03 in. Regulation at this minute lift would be almost im¬ 
possible by hand, and in an automatic reducing valve would certainly result in 
hunting. The steam would all be blowing across the seat which would be 
quickly scored and damaged. 

It may therefore often be wise and perfectly legitimate to use a 4 in. pipe 
terminating in a 2 in. valve. 

The diameter of the pipe is determined by the permissible pressure drop. 
The diameter of the valve is determined by the steam flow that the valve is to 
control. 

Many a reducing valve has been cursed and thrown out simply because it 
was too big. 

Where, in spite of correct sizing, large flows must be combined with very 
small, accurately controlled flows, it is essential to use a large valve, byepassed 
by a small valve. In this way accurate control can be secured over a very wide 
flow range without damage to the valve sea tings. Some automatic valves have 
their openings so shaped as to give accurate control over very small flows while 
permitting very large flows. 

♦ ♦ » 
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INSTRUMENTS — MEASUREMENT 


He made an instrument to know 
If the moon shines at full or no ; 

For he, by geometric scale, 

Could take the size of pots of ale ; 

Resolve by sines and tangents, straight, 

If bread and butter wanted weight; 

And wisely tell what hour o’ th’ day 
The clock does strike, by algebra. 

SAMUEL BUTLER, Hudibros, 1663, 

MEASUREMENT is the essence of all factory economy. We must know the 
pressure and temperature of steam in all steam-using plant. We ought also to 
know the quality and the quantity of the steam. Instruments are available to 
indicate and record all these things except quality. Quality can only be deter¬ 
mined by a somewhat tiresome test ; there is no proper instrument which will 
indicate or record the wetness in steam. Measuring instruments are useless if 
they tell lies. It never pays therefore to buy cheap instruments. 

206 , BOURDON PRESSURE GAUGES. The Bourdon gauge has been 
briefly described in Section 27. It is moderately robust but not always accurate. 
Bourdon gauges need regular checking. They are fairly consistent, so 
that, once their error is known, the corrected gauge reading can be relied on 
for some time. 

The Bourdon pressure gauge consists of a very much flattened oval-sectioned 
thin tube bent into an almost complete circle, shown edgewise in Fig. 74. The 
pressure to be measured is led into the inside of the curved flattened “ Bourdon ” 
tube which is closed at its other end. The open end of the Bourdon tube is 
fixed to the frame of the gauge. The closed end of the Bourdon tube is free 
to move and is attached by a short link to the short arm of a quadrant. The 
quadrant is pivoted on the frame of the gauge and its teeth mesh with a pinion 
on the pointer axle. 

It will be seen that the Bourdon tube is almost flat. When pressure acts on 
the inside of the tube it tends to blow the tube from a flat into a rounded section. 
This forces the tube to bend outwards so as to form part of a larger circle. 
The lengths of the inner and outer peripheries of the tube cannot change. If 
these two peripheries are blown further apart they must take up a form as part 
of larger diameter circles. If the distance between the inner and outer walls 
of the tube increases by 10 per cent, the diameter of the circle to which the tube 
is bent will increase by about 10 per cent. 

In Fig. 74 the Bourdon tube shown is bent into a circle about i J in. diameter, 
and the walls are about • 05 in. apart. If the pressure is sufficient to blow the 
walls • 003 in. further apart it will cause the tube to unbend into a circle six per 
cent, larger in diameter. This new circle is shown dotted in the diagram and 
the free end will move so as to pull the quadrant sufficient to turn the pointer 
right round the scale on the dial. 
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The pressure inside the Bourdon tube is opposed by the natural spring of 
the tube and the pressure of the atmosphere. 



FIG. 74. BOURDON PRESSURE GAUGE 

The readings of Bourdon gauges can be checked over low ranges either by 
means of a water column or a mercury column. If the factory has a hydrant 
system supplied from a high level tank, connections can be made at various 
heights in some hydrant pipe. Provided there is no flow in the pipe, the pressure 
recorded is exactly the equivalent of the measured hydrostatic head. This is a 
very accurate and convenient method. Pressure equivalents are given in 
Table XXXII, p. i68. 

If there is no high water tank, gauges can be compared with a standard 
pressure gauge kept specially for testing and used for no other purpose. This 
check gauge should be sent to the makers periodically for recalibrating—and the 
makers should be told what the gauge is to be used for. 

If there are many gauges in the factory, with many scale ranges it may be 
worth while getting a dead weight gauge testing machine. 

Table XXXII can be used to get any figuics thus. Suppose the mercury 
and water equivalents to 98*4 psi are wanted : — 


Psi In, Hg, Ft, H^O 

90 183*24 207*81 

8 16*288 18*472 

•4 ’^^144 -9236 

98-4 — 200-3424 — 227-2056 


207 . MERCURY PRESSURE GAUGES. The mercury gauge is more 
suitable than the Bourdon gauge for low pressures and for pressures below 
atmospheric pressure. The mercury gauge has been briefly described in 
Section 28. 
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75 shows a glass U-tube part filled with mercury. If one limb of the 
tube is connected to a vessel under a very low pressure or to a vessel under 
vacuum, the difference in height of the mercury in the two limbs shows the 
pressure difference, plus or minus, between the atmospheric pressure, which is 
pressing on the open end, and the pressure in the vessel. 

Open U-tubes such as this indicate “ gauge pressure ” or “ apparent 
vacuum In order to find the true or absolute pressure a correction must 
be made for the height of the barometer. 

Fig. 76 shows a glass U-tube with one end closed. If the tube is filled with 
mercury and then tilted so as to remove completely all air from the left hand or 


TO VACUUM TO LOW 

VESSEL PRESSURE VESSEL 



a D C 


FIG. 75 . ATMOSPHERIC MERCURY U-TUBE 

CLOSED 



a b c 


FIG. 76. ABSOLUTE PRESSURE MERCURY U-TUBE 

closed limb there will be no pressure acting on this limb. The difference in 
height of the mercury in the two limbs, if the open end is connected to a vacuum 
or low pressure vessel, will then show the absolute pressure or the true vacuum. 

The readings in inches of mercury can be readily converted to psi by means 
of Table XXXTI. 
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208 . WATER GAUGE. For very slight pressures, such as those produced 
on the suction or delivery sides of fons, the mercury column does not give a 
sufHciently sensitive reading. Quite a good draught from a fan would only 
register about J in. on a mercury column. The U-tube can be filled with 
water instead of mercury when the readings will at once be multiplied by 
nearly 14. Only the open tube, Fig. 75, can be used with water. The closed 
tube shown in Fig. 76 would have to be over 30 ft. high were water to be used. 
It is however seldom or never that very small absolute pressures must be 
measured. Generally such measurements are for finding the suction or 
pressure of a fan which means the difference between atmospheric pressure 
and the pressure in the air duct, or the difference in pressure across some 
resistance such as a grate. The draught or pressure difference is then 
measured in inches of water ”. 

TABLE XXXII. PRESSURE EQUIVALENTS 


PSI 

INCH HG. 

FOOT H 2 O 

•4332 

•8819 

1 

•4912 

1 

1-134 

•8664 

1-7638 

2 

•9824 

2 

2-268 

1 

2-036 

2-309 

1-2996 

2-646 

! 3 

1-4736 

3 

i 3-402 

1-7328 

3-528 

i 4 

1-9648 

4 

i 4-536 

2 

4-072 

4-618 

2-1660 

4-4095 

5 

2-4560 

i ^ 

5-670 

2-5992 

5-2914 

6 

2-9472 

6 

6-804 

3 

6-108 

6-927 

3-0324 

6-1733 

7 

3-4384 

7 

7-938 

3-4656 

7-0552 

8 

3-8988 

7-9371 

9 

3-9296 

8 

9-072 

4 

8-144 

9-236 

4-4208 

9 

10-206 

5 

10-180 

11-545 

6 

12-216 

13-854 

7 

14-252 

16-163 

8 

16-288 

18-472 

9 

18-324 

20-781 


209 . MERCURY IN GLASS THERMOMETERS. Mercury in glass 
thermometers have been briefly mentioned in Section 29. These thermometers 
are the type in most general use and they work because mercury expands a 
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great deal with heat, whereas glass only expands a little. The thermometer 
consists of a very narrow glass tube with a bulb at the bottom. The bulb is 
filled with mercury and the air is pumped out of the tube above the mercury 
and the tube is then sealed up. When the thermometer is placed in something 
hot both glass and mercury get heated. The mercury expands a great deal 
but the glass only expands a little. The glass does not expand nearly enough 
to make room for the hot mercury in the space it previously occupied. The 
mercury therefore pushes its way up the tube and the distance it has pushed 
itself up is a measure of the temperature. While mercury in glass thermometers 
are made to register temperatures of 900 ° F. or so, it is not recommended that 
they be used for temperatures above 500 ° F. 

210. MERCURY IN STEEL THERMOMETERS. Another type of 
thermometer in common use in industry is the mercury in steel type. This 
consists of a steel bulb connected by a very fine steel tube to a Bourdon pressure 
gauge. Tube and bulb are filled with mercury. When the bulb is heated the 
mercury expands more than the steel and as the mercury cannot escape it can 
only occupy the necessary extra space by blowing out the Bourdon tube of the 
pressure gauge whose dial can be marked in temperature degrees instead of 
pressure units. 

This type of thermometer is particularly useful where it is desired to read 
the thermometer some distance from the place where the temperature is being 
measured. 

211. PYROMETERS. For very high temperatures mercury cannot be used 

High temperature thermometers—usually called “ Pyrometers ** (“ fire 

meters ”)—are usually electrical. There are two common types, resistance and 
thermocouple. Resistance pyrometers consist of a coil of wire protected by a 
covering. The coil is placed in the vessel, flue or pipe whose temperature is 
required. An electric current is passed through the coil and the current that 
can pass diminishes as the temperature rises. An electric measuring instrument 
is put in the circuit and the amount of current flowing can be indicated. This 
current flow is a measure of the temperature and the instrument can be 
calibrated in temperature degrees instead of in electrical units. 

The other type depends on the curious property possessed by certain metals. 
If two strips of certain different metals are joined together in perfect contact 
at one end, an electric current will flow through a circuit attached to the 
unjoined ends if the metal junction is heated. The hotter the metal junction 
the greater the current. An electrical instrument placed in the circuit can be 
calibrated to read temperature. 

The junction of the two metals is called a “ Thermocouple Thermo¬ 
couples have a very large field of use. Minute couples can be peened into the 
actual wall of a boiler tube, evaporator or heat exchanger. Not only can the 
thermocouple be put anywhere, but it responds almost instantaneously to 
temperature change. By means of D.C. amplifiers (wireless valves) minute 
currents can be magnified to operate distant large instruments or to work 
automatic temperature controls. 
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212 . FAHRENHEIT AND CENTIGRADE. The origin of these two 
temperature scales is described in Sections 30 and 31. Although in this book 
only the Fahrenheit scale is used the author feels strongly that it is important 
that the Centigrade scale should be generally adopted as soon as possible, 
especially for all steam uses. With o as the freezing point of water the sensible 
heat of water is the same on the Centigrade system as the temperature. There 
is no need to remember to add or deduct 32. This removes one fruitful source 
of error and greatly facilitates mental calculations. 

As — 40° F. and — 40° C. are the same temperature on either scale, a very 
simple conversion can be done from one scale to the other thus : Add 40 to 
the known temperature. To find Centigrade from Fahrenheit take five-ninths 
of this figure. To find Fahrenheit from Centigrade take nine-fifths of the figure. 
Then, in either conversion, deduct 40. 

213 . MEASURING STEAM QUALITY. Measurement of wetness or 
superheat, steam quality, should be done far oftencr than it is. The quantity 
of condensate from a piece of plant is often measured and it is generally assumed 
that the weight of condensate, perhaps corrected for flash, perhaps not, is the 
weight of steam that was used. More often than not this is quite wrong. I'he 
measurement of quality is quite simple, but it takes a little time and trouble 
and the result of a single measurement cannot be trusted. The real difficulty is 
to ensure that the sample of steam tested is representative. At least six measure¬ 
ments should be taken and averaged, and the result must only be looked upon 
as a good indication, not an exact measurement. 

The apparatus for measuring steam quality is called a calorimeter (or heat 
measurer) and there are three types. The first is the separating calorimeter 
which is alleged to remove the water droplets from the steam by a series of 
changes of direction. If, as is often the case, the water is present as a fine mist, 
separation is very incomplete and the results arc not trustworthy. 11' this 
calorimeter were really reliable all our difficulties with steam driers would 
disappear. We should just fit large separating calorimeters. 

The second is the throttling calorimeter. This works by wiredrawing the 
steam almost to atmospheric pressure. From the temperatures and pressures 
before and after the expansion the wetness may be calculated. This has 
two disadvantages. The superheating effect is very small at low pressures and 
can only evaporate a small amount of wetness. Th(Te is no guarantee that 
all the moisture has been evaporated. 'Fhe throttling calorimeter has the 
advantage that it can be fitted to a pipe and left there, and readings can be 
quickly and easily taken as often as desired. Provided the wetness is very small 
this may be very useful, as a watch can be kept on quality. 

The third type is the bucket calorimeter in which steam is condensed in a 
measured amount of cold water. The increase in water weight and the rise in 
water temperature give the quality of the steam. As a rule neither of the first 
types is used alone. Only the bucket type will be described here, firstly, because 
for all-round use it is the best; secondly, because it requires no special apparatus. 

Whenever possible the sampling point should be arranged in a vertical 
length of pipe, where it is more likely to give a true sample. But if the steam 
pipe, from which the sample steam is to be drawn, is horizontal, fit a 
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connection with a valve or cock into the top of the pipe. The connection 
should be very small if the method now to be described is used. It should be 
a pipe not more than | in. bore, preferably less. It should project right across 
the pipe that is being sampled, should have its end plugged, and should have a 
number of small holes about ^ in. drilled on its upstream side, see Fig. 77. 
The sampling pipe should be well lagged. 




FIG. 77. STEAM SAMPLING PIPE 

Fit a pressure gauge, whose accuracy has been checked, in the pipe close 
tojthe sampling connection. Take a thermos flask and bore three holes in the 
cork. Through one hole insert a thermometer extending about two-thirds down 
the flask Through another hole insert a glass or metal tube extending about 
three-quarters into the flask. The third hole is simply an expansion vent. 

Weigh the flask, cork, thermometer and tube, w^. 

Fill the flask two-thirds full of cold water. 

Weigh again, Wg. 

Then Wg — -= Wg, the weight of the water. 

Shake the flask well. 

Read the temperature of the water tj. 

Then (t^ -- 32)w3 ~ hj, the total heat in the cold water in Btu. 

Blow steam through the sampling connection to warm it. Attach a short 
rubber tube from the pipe sampling connection to the thermos tube. 

Open the sampling valve cautiously and allow steam to bubble into the 
water. Shake the flask gently and continuously and watch the thermometer. 
Take the greatest care that all the steam is condensing. While the steam is 
bubbling in, read the steam pressure in the pipe. When the temperature has 
risen to about 150° F. or 170° F., partly close the valve, remove the rubber tube, 
shake the flask well and read the temperature tg. 

(The reason for only partly closing the valve is to make quite certain that 
none of the water in the flask is drawn out due to a partial vacuum forming 
in the sampling tube by condensation.) 

Weigh the flask again, W4. 
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Then — Wj == w^, the total weight of the water and the condensed 
sample of steam. 

The total heat after condensation is Wg (tg — 32) == hg Btu. 

The weight of the sample is W5 — Wg = W. 

The total heat in the sample is hg — hj = H. 

H 

The total heat per pound of steam as sampled will be —. Find the heats of 

saturated steam at the sampling pressure in the steam table. Call the total 
heat Q, the sensible heat S and the latent heat L. 

If — = Q the steam was dry saturated. 

W 

H 

If - - is less than Q the steam was wet. 

W 

H 

If — is more than Q the steam was superheated. 


WET steam. 


H 


If the sensible heat S is deducted from — the remaining heat must have 
been latent heat. ^ 

This remainder divided by L will give the dryness fraction. 

(5 _ s) .00 

So ---= per cent, dryness. 


SUPERHEATED STEAM, 

H 

w 


Q must equal the superheat in Btu, 


and 2(— — Q,) is roughly equal to the superheat in ° F. 


EXAMPLE. A Ruths accumulator supplies steam to a pair ot mains at 
15 psi.g. Steam samples were taken in each pipe about 150 ft. from the 
accumulator. 

The measurements are set out on the opposite page. 

The effect of errors will be as follows :— 

Pipe A. Pipe B. 

If the weight of the sample had been 
underestimated by i gram (-0022 lb.) 
a *14 per cent, weighing error, the 

dryness would have been .. .. 87*5 per cent. 87 • 3 per cent. 

If the temperature of the cold water 
had been underestimated by 1° F., a 
I * 4 per cent, error, the dryness would 

have been .. ., .. 91*8 per cent. 90• 6 per cent. 
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If the temperature of the hot water had Pipe A, 

been underestimated by i° F., an 
error of -7 per cent., the dryness 
would have been .. .. .. 95*1 per cent. 


Measurements :— 

Weight of flask, tube and thermo¬ 
meter, Wi 

Weight of flask, etc., and cold water, Wg 
Weight of cold water, Wg = Wg — w^ .. 
Temperature of cold water, t^ 

Heat in cold water, Wg (t^ — 32) = hj .. 
Weight of flask and hot water, W4 
Weight of hot water, Wg = W4 — w^ .. 
Temperature of hot water, tg 
Heat in hot water, Wg (tg — 32) = hg . . 
Weight of sample of steam, Wg— Wg = W 
Heat in sample, hg — h^ = H 

H 

Total heat per lb. of sample • 

Steam at 15 psi.g. has total heat Q 
Steam at 15 psi.g. has sensible heat S .. 
Steam at 15 psi.g. has latent heat L 

- S) 100 

-- = per cent, dryness 


•8102 lb. 

I -4330 lb. 
•6228 lb. 
70® F. 

23 • 666 Btu 
I -4742 lb. 

• 6640 lb. 
136° F. 

69 ■ 056 Btu 
•0412 lb. 
45 ’390 Btu 

I loi • 7 Btu /lb. 

1,164.5 

218-4 

946-1 

93-4 per cent. 
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Pipe B. 

92 - 9 per cent. 


-8102 lb. 

I - 3849 lb. 
-5747 lb. 

74° F- 
24-137 Btu 
1-4398 lb. 

- 6296 lb. 
165° F. 

83 *737 Btu 
•0549 lb. 
59 - 600 Btu 

1084 *9 Btu/lb. 

1,164-5 

218-4 

946-1 

91 -6 per cent. 


We see that by far the most important measurement is the weight. 
In the example given the flask was weighed on a rough chemical balance and the 
accuracy was probably within • i gram. Accuracy within J gram is desirable 
but the difficulty of being certain that the sample is a fair average is almost 
unsurmountable. 

If fairly accurate weighing apparatus is not available a rough result can be 
obtained by measuring the water in a graduated glass cylinder. 

Where a small accurate balance is not available and greater accuracy is 
desired than can be obtained by measurement the thermos flask can be replaced 
by a barrel containing 100 to 200 lb. water. The barrel should be of wood to 
reduce radiation loss and can rest on the platform of a potato scale. The water 
must be well mixed up to get fair temperature readings. In both thermos or 
barrel the cold water should be as cold as possible as this gives a much bigger 
heat capacity when weighing errors will not have so great an effect. In the 
example given the water used was drawn from the cold water service in a warm 
department. Any measurements must be repeated a number of times and 
average results taken. 
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If a barrel is used instead of a vacuum flask an allowance should be made 
for the heat capacity of the material of the barrel. If the barrel is made of 
steel the whole of its heat capacity should be taken into account. If the barrel 
is of wood it will not heat right through owing to its low heat conductivity. 
The method of making the correction is : The specific heat of steel is • 15 and 
of oak -57. 

To the heat in the cold water, hj, add the heat in the cold barrel : 

Weight of steel barrel X * 15 X (b — 32) 
or Weight of oak barrel X *57 X (tj — 32). 

To the heat in the hot water, hg, add the heat in the hot barrel: 

Weight of steel barrel X *15 X (t2 — 32) 

or Weight of oak barrel X *57 X — 32) 

2 

where t^, is the outside temperature of the barrel. This is very difficult to 
measure and must probably be estimated by touch. 

If very cold \\'aterj say iced, is used, it may be found that the steam must 
be bubbled in very slowly or it will fail to condense. It is a curious thing that 
very cold water condenses steam more slowly than warmer water. This is 
possibly due to the higher viscosity of icy water. 

A large error can occur if the steam is bubbled into the condensing water so 
fast that it does not all condense. All the moisture in the steam that passes into 
the flask is collected but only part of the diy^ steam is condensed. For example, 
suppose the steam is really 20 per cent. wet. If it is bubbled in so fast that only 
half of it condenses only half the latent heat in the sample wall have been 
secured but the wffiole of the moisture will have been collected. The test will 
therefore say that the steam was about 40 per cent. wet. 

214 . SAMPLING WET STEAM. The difficulty of drawing off a truly 
representative sample of wet steam from a pipe is great. When steam carrying 
water droplets is flowing along a pipe it is only possible to get a true sample if 
the sample is drawn off at the same speed as the steam is flowing along the pipe. 

If the sample is drawn off slower than the steam flow^ there will be too much 
moisture in the sample because the momentum of the water droplets will 
cause them to fly into the sampling pipe while the dry steam is deflected round. 

If the sample is drawn off faster than the steam flow the sample will be too dry 
because the true vapour will be drawn into the sampling pipe but much of the 
fair share of this vapour’s moisture will go past the sample point, l^ecausc of 
the inertia of the heavier droplets. It is useful to try to get some idea as to 
whether this is in fact giving unreliable figures by taking some of the samples as 
fast as condensation will permit, and taking some very much more slowly. 

In general, it can be said that using a barrel and a small pipe—say -^-in.—the 
sample will be drawn off too fast, whereas with the thermos flask the sample 
will be drawn off too slowly however small the sampling tube. 

215 . MEASURING STEAM FLOW. The best way to measure the flow of 
steam is by means of a proper steam meter. These are high grade instruments, 
require skilled maintenance and are expensive. In some operations such as the 
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heating of a quantity of process material with open steam, where the steam 
input is so great that the loss by radiation must be of small importance, it is 
possible and sometimes legitimate to take the steam consumption as being, say 
5 per cent, more than the theoretical. In other cases it may be possible to 
measure the condensate. This method is only accurate if the necessary 
corrections are made for flash and for the quality of the input steam. The 
commercial steam meters will not be described ; their description is available 
in their makers’ literature. Condensate measurement and calculation will be 
dealt with in Sections 234 and 235. A cheap simple steam meter that any 
handy man can make out of standard pipe fittings will be described in detail. 
It can be used with complete trust in the readings obtained. 

216 . COST OF HOME-MADE STEAM METER. The meter to be described 
is very cheap, but then it only indicates ; it does not record ; it does not 
integrate. These are the very valuable things that we pay for when we buy a 
good commercial meter. It is, however, a valuable instrument. If is it moved 
jfrom pipe to pipe every week or so it will probably show up such interesting 
points that a desire for more ambitious recording instruments will be awakened. 

The cost of making one of these meters in the author’s factory in 1943 was :—• 

£ s- d. 


Pipe fittings . . . . . , . . . . 4 3 7 

Material for scale and protector . . . . 60 

Labour — 

Apprentice, two days . . . . . . . . 190 

Carpenter . . .. .. .. . . 82 

516 9 

Mercury .. .. .. .. .. .. 2150 


II 9 

If the making of the meter seems too much of a task, there are makes of 
mercury U-tube which can be used in just the same way as this meter and to 
which all the tables and curves apply equally well. These U-tubes are obtain¬ 
able from instrument makers. 

217 . ACCURACY OF METER. The accuracy of the meter must be just as 
good as, if not better than that of costly recording instruments. They work 
on the same principle, but the elaborate instruments have pens and counters 
which impose a load on the indication which limits sensitiveness and impairs 
accuracy. If the instructions that follow are carefully carried out, the readings 
given by the home-made meter can be relied on. 

218 . EFFECT OF PIPE CONSTRICTION ON STEAM FLOW. Steam 
flow meters are based on the relation which exists between the quantity of steam 
flowing through a constriction in a pipe and the pressure drop caused by the 
constriction. The constriction can either be a Venturi tube (or stream-lined 
throat) or it can be a simple orifice in a sheet metal disc. An orifice causes 
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the steam to flow in Venturi form. (Venturi was an eighteenth century Italiani 
physicist.) This is shown in Fig. 78 which indicates, by means of diagrammatic 
mercury columns, the way the pressure changes on either side of the orifice. 
The principle of the conservation of energy applies to the constricted fluid.. 
(This is known as Bernoulli’s theorem and was enunciated by D. Bernoulli, 
the youngest of many brilliant Swiss brothers, in 1738.) If the stream is con¬ 
strained to flow faster, it borrows its extra kinetic energy, or velocity head, from 
the pressure head and so reduces the pressure. The point of maximum 
constriction of flow—the “vena contracta ”—occurs half a pipe diameter 
downstream of the actual orifice. An interesting point is that just upstream 
of the orifice the pressure is higher than the average pressure in the pipe. This 
is because at this point there is a sudden check and the velocity head is converted 
into pressure head. Below the vena contracta the stream expands and therefore 
slows down. In so doing it returns much of its velocity head as increased 
pressure head. 



FIG. 78. “ VENA CONTRACTA ” EFFECT OF FLOW THROUGH AN ORIFICE 

If the pressure well upstream of the orifice (one pipe diameter is sufficient 
to be clear of any disturbance caused by the orifice) is compared with the 
pressure where the velocity is highest below the orifice (half a pipe diameter, at 
the vena contracta) we can calibrate this pressure difference against steam flow. 
The theory and mathematics will not be given here, only sufficient instructions 
to enable the meter to be calibrated. 

219 , THE MERCURY U-TUBE. The pressure drop across the orifice is 
measured by means of a mercury U-tube. If an ordinary glass U-tube is used 
it will be necessary either to measure the difference in height between the 
mercury in the two arms, or to measure the height in one arm only. Measuring 
the difference means moving the scale for every reading. Measuring only one 
arm halves the height measured and halves the sensitiveness and accuracy. 

If, however, the diameter of one arm of the U-tube is made very large 
compared with the other there will be virtually no movement in the large arm ; 
all the mercury movement will be transferred to the small arm. In the meter 
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here described a movement of the mercury of 12 in. in the small arm is 
accompanied by a movement of only J in. in the large arm. Although this is 
apparently an error of i per cent., this is not so really, because i per cent, of 
linear movement of the mercury over the upper two thirds of the scale only 
•corresponds to about J per cent, in steam flow. 

220 . POSITION OF ORIFICE IN PIPE. The orifice can be slipped into 
any convenient flanged joint in the steam pipe. It should be inserted in a long 
straight length clear of bends, tees, valves, etc. There should be a straight 
length upstream of the orifice of at least 10, preferably 20, pipe diameters, and 
at least a straight length of 5, preferably 10, pipe diameters downstream of the 
orifice. If a globe valve or reducing valve precedes the lo-diameter straight 
there will be a considerable disturbance of the steam flow in the pipe at the 
orifice. This disturbance can be largely smoothed out by fitting a grid plate in 
the flange at the beginning of the straight. The grid plate is just a plate drilled 
with |-in. or J-in. holes. The combined area of the holes should be about half 
the area of the pipe cross section. There is no need to drill a lot of holes in a 
plate ; the grid plate can be cut from standard perforated plate. A grid 
plate should not be used on a low-pressure steam pipe as it produces an 
appreciable pressure drop. 

221 . MAKING THE ORIFICE. Instructions for finding the correct size for 
the orifice are given in Section 230. The orifice is shown in Figs. 79 and 80. 
It should be cut, if possible, from stainless steel or monel metal, in order that 
it may retain its sharp edges and exact diameter. The outside diameter should 
come just inside the bolt circle of the flange so that the flange bolts will centralise 
it in the pipe. If a lug or handle can be left on the periphery of the orifice 
plate it makes insertion and removal more convenient. A small hole should be 
drilled in the bottom of the orifice plate to prevent condensate building up on 
the upstream side to such an extent as to distort the flow of steam. 


CONDENSATE 
HOLE 



THE BOLTS 


STAMP“U* 
THIS SIDE 


FIG. 79. PIPE METERING ORIFICE PLATE 


The orifice plate should be made with care. The accuracy of the actual 
orifice should be within one thousandth of the orifice diameter. That is to say, 
a 3-in. orifice should measure 3 in, ± -003 in. The orifice should be machined 
with a very sharp tool. Burrs or wire edges must be removed with the greatest 
care, because the edges should be as clean and sharp as possible. The effect of 
rounding the edges is to make the meter read low. A burr will make it read 
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high. Ordinary careless removal of burrs v^ill round the edge quite enough to 
cause the readings to be 2 or 3 per cent. low. The upstream face of the orifice 
plate should be stamped with the letter U. Unless this is done it is easy to 
forget which way it should go into the pipe. The thickness of the orifice plate 
is given in Table XXXV in Section 230. 

Joints on either side of the orifice should be as thin as possible and must 
not protrude into the pipe—that is to say the inside diameter of the joint rings 
must be a little greater than the inside diameter of the pipe. 


CONDENSATION 



FIG. 80. POSITION OF ORIFICE WITH PRESSURE MEASURING POINTS AND 

CONDENSATION CHAMBERS 


222 . PRESSURE CONNECTIONS. Two holes must be drilled and tapped 
in the steam pipe to suit J-in. nipples. These holes should never be placed in 
the bottom of the pipe. The holes should be on the horizontal diameter and 
should be at the same height. The one hole should be one pipe diameter 
upstream ; the other, half a pipe diameter downstream of the orifice. The 
position of the holes should be correct to within at least 10 per cent, and 
allowance must be made for the thickness of the orifice-flange joints when 
drilling the holes. The arrangements for making an orifice fitting in a vertical 
main are described in Section 225. 
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223 . CONDENSATION CHAMBERS. The condensation chambers are 
provided to condense the small quantity of steam needed to make up for the 
small loss of water that takes place from one or other of the pressure pipes at 
every change of steam flow. They act as small automatically filled supply tanks 
which make sure that the pressure pipes to the meter are always completely 
filled with water. 

The components of the condensation chambers are shown in Fig. Si, and 
their arrangement with regard to a horizontal steam pipe is shown in Fig. 80. 
They should be fitted vertically with the pressure pipes at the bottom. 

If needle valves or cocks are not available for fitting between the condensa¬ 
tion chambers and the pipe, small gate valves can be used. If globe valves are 
used they must be fitted with the spindles horizontal. 



13 -^ 

21 - 



24 


FIG. 8 I . DETAIL OF 
CONDENSATION CHAMBERS 


CONDENSATION 

CHAMBERS 



224 . ARRANGEMENT OF PRESSURE PIPING. The meter should 
always be arranged to be below the steam pipe that is being metered, in order 
to ensure that the pressure pipes are always full of water. If local circumstances 
demand that the meter be alcove the steam pipe the pressure pipes must fall 
for a foot or two from the condensation chambers before rising to the meter. 
Air release cocks must be fitted in each pipe just above the meter, and much 
patience and care will be needed to ensure that there is no air in the pressure 
pipes before a reading is taken. Such an arrangement will almost always be 
unsatisfactory. 

Both pressure pipes should be the same length and should follow the same 
path. The pipes should fall all the way from condensation chambers to meter. 
There should be no horizontal runs and, of course, no dips. If they fall con¬ 
tinuously any air in the pressure pipes will find its way into the steam pipe and 
be carried away. 

225 . METERING VERTICAL STEAM PIPES. If the orifice is to be fitted 
in a vertical length of steam pipe the arrangement of the condensation chambers 
and pressure piping must be properly done. Owing to the difference in 
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level between the upstream and downstream pressure connections the condensa¬ 
tion chambers must be placed at the level of the upper connection. A large 
bore pipe must bring the pressure from the lower connection to the appropriate 
condensation chamber. This large bore pipe is a ‘‘ steam leg ” and must be 



sufficiently large to preclude water locking and should be well lagged to prevent 
condensation. The arrangement is shown in Fig. 82 and applies mutatis mutandis 
to upward or downward steam flow. The pressure connections must of course 
be taken at the correct half diameter and one diameter distances from the orifice. 
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The steam leg should be f-in. or i-in. bore. If the steam pipe is of steel there 
will be too few threads for such a large nipple. A boss should then be welded 
in the pipe for the lower nipple. 

226 . CONSTRUCTION OF METER. The construction of the meter is 
quite straightforward and all the details are shown in Fig. 83. The bent rod 
labelled mercury economiser simply fills up part of the space that would 
otherwise be occupied by mercury. As the mercury represents about one-third 
of the cost of the meter it is worth while economising it as much as possible. 
Quite an economy can be made by boring out the reducing bush 15, which is 
the main mercury reservoir, to remove the rounded corner and sloping bottom. 
This enables the mercury level to be reduced by about J in. with a saving of 
about 155. 

The screwed washer 30 is simply to form an abutment for washer 29 which 
supports the packing. It can be screwed home with a file with a broken tang. 

When the metal and wooden parts of the meter have been assembled, the 
gauge glass is fitted as follows : the downstream union 23 is removed. The glass 
is then put in through the union hole. As soon as it projects a few inches 
through reducing socket 12 the packing 31 and the bush 17 can be threaded 
over the glass tube and assembled finger tight in socket 12. Push the glass tube 
down to within about 2 in. of elbow 4. Thread the bush 17, the packing 31 
and the packing washer 29 on to the glass. Push the glass tube down until it 
just rests on the inside of the elbow, then pull it up J in. Push in the washer 
and the packing and screw up the bush 17 finger tight. When the meter is 
first put under pressure the bushes 17 can be tightened until leakage just stops. 
Before finally assembling the meter measure the mercury as described in 
Section 227 below. 

227 . CONNECTING UP AND FITTING THE METER. Before being used 
the meter must be tested hydraulically to a pressure 50 per cent, above working 
pressure. 

The pressure pipe from the downstream side of the orifice must be connected 
to the downstream or gauge glass side of the meter. Likewise the upstream 
pressure connection must go to the upstream or reservoir side of the meter. 

The threads of all connections and unions should be smeared with graphite 
paste to ensure that the meter can be easily disconnected or dismantled and to 
ensure absolute tightness. 

Set the scale on the meter so that zero on the scale is at the mercury 
level. See that the slots for adjusting the position of the scale are long enough 
to enable the scale to be moved about ^ in. up or down. Disconnect the pressure 
pipe from the upstream side of the meter. Make a paper funnel and insert it 
into the top of the upstream side of the meter. Pour in the mercury. While 
filling the meter with mercury it should stand in a porcelain or vulcanite dish 
to catch any mercury that may be spilt. (A large photographic developing dish 
is convenient.) 

The amount of mercury required is found thus. Before the meter is com¬ 
pletely assembled fit parts 15, 7, 4, 20 and 4 together. Hold the assembly in 
the vice making sure that it is perfectly level and plumb in both directions. Pour 
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mercury into 15 until it is just level with the top of the downstream elbow 4. 
Put your thumb very firmly over the open elbow 4. Pour in mercury until 
the rounded corner of 15 is covered. Measure the level of the mercury inside 15. 
Add sufficient mercury to raise the level by between fr; in. and J in. Measure 
the level of the mercury again. Call this level a. Empty out the 
mercury and weigh or measure it for future reference. Measure the height 
of the top of 15 above pipe 20, measurement b. Then c - b — a, and is 
the approximate level for zero on the scale. 

When the meter has been assembled, the gauge glass fitted and the mercury 
poured in, the meter must be filled with water. With both pressure pipes dis¬ 
connected and the equalising cock open, pour water into the upstream or 
reservoir arm so that it fills the whole of this arm and runs through the 
equalising cock into the gauge glass. Fill right up until both arms are full, 
iislodging any air bubbles on the glass with a wire. Adjust the scale zero to 
the mercury level. 

Connect up the pressure tubing between the meter and the condensation 
chambers. Take out the plugs 18 from the top of the condensation chambers. 
Pour water Into the condensation chambers until the whole system is quite 
full of water. The water must only be dripped in to j^revent air locking in the 
pressure pipes. When the whole system is full of water the mercury should 
still read zero. If it does not, air is locked somewhere* in one of the pipes ; 
the pipe which is air locked being shown by a higher mercury level. Replace 
the plugs in the condensation chambers. 

228 . BRINGING THE METER INTO OPERATION. This requires care, 
but is quite simple. If a mistake is made or the operation is done hurriedly or 
ham-handedly two things can happen. Much of the water can be blown out of 
the system ; at worst, some of the mercury can be blown into the steam pipe. 
Do not put any pressure on the meter unless the glass protector is in position. 
Put a dish under the meter to catch the mercury if the glass breaks. 

Make SURE that the equalising cock is OPEN. Gently o]:)en the cock 
between the downstream condensation chamber and the steam pipe. The 
whole meter is now under equal pressure. Gently close the equalising cock. 
If the gauge glass breaks now, the mercury will not be lost. It will just fall 
into the dish. If the meter is brought into use by means of upstream pressure 
and the gauge glass breaks after the equalising cock has been shut, the whole 
of the mercury will be lost. The meter can now be inspected for leaks and the 
gauge glass glands tightened if necessary (first closing the downstream pressure 
cock for safety’s sake). 

As soon as assurance has been made that the meter is free from leaks the 
cock or valve between the upstream condensation chamber and the steam pipe 
should be opened VERY GENTLY. The mercury will now rise to a position 
corresponding to the steam flow. 

If both pressure cocks are opened together with the equalising cock shut, 
some of the water will be pushed into the steam pipe from the downstream side. 
If the meter is put into operation with the equalising cock shut there is a risk 
that the sudden surge of pressure will whisk the mercury right out of the meter. 
This risk is a very definite one when the meter is placed only a foot or two below 
the steam pipe. 
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229 . THE METER SCALE. The meter and orifice are so proportioned that 
the mercury will rise 12 in. in the glass for the full flow for which the orifice is 
suited. The mercury rise—that is, the pressure drop across the orifice—is not 
a straight line relation with the flow. There is no need to enter into the mathe¬ 
matics here ; they can be found in the text books. The scale can be calibrated 
from Table XXXIII and Fig. 84. The 10 point, at 12 in., on the universal 
scale is the point of maximum flow for which the orifice has been calculated. 

The method of making any suitable scale is shown in Fig. 84. 



FIG. 84. SCALE CALIBRATION FOR MERCURY U-TUBE STEAM METER 


TABLE XXXIII. SCALE FOR MERCURY L-TUBE 

STEAM METER 


universal 

SCALE 

INCHES 

•1 

•13 

•15 

•28 

•2 

•48 

•25 

•75 

•3 

1-08 


UNIVERSAL 

SCALE 


INCHES 


UNIVERSAL 

SCALE 


INCHES 


UNIVERSAL 

SCALE 


INCHES 


•35 

•4 

•45 

•5 

•55 


1-47 

1- 92 

2- 43 

3- 00 
3-63 


•6 

*65 

•7 

•75 

*8 


4- 32 

5- 04 

5- 88 

6- 76 

7- 68 


•85 

•9 

•95 

1-0 

1-05 


8*68 

9-73 

10-84 

1200 

13*25 
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230 . FINDING THE SIZE OF ORIFICE. From Table XXXIV find the 
value of the factor K. If the value is not readily obtainable from the Table it 
can be calculated quite easily or found with the help of a table of square roots. 
K is the square root of the steam volume in cu. ft./lb. as shown in the steam 
table. 

TABLE XXXIV. FACTOR K FOR ORIFICES 
K = 'x/cu. ft./lb. 


, TEMPERATURE °F. 

PRES- 


SURE 





— 


;- 

— 

— 


-- 


PSI.G. 

SAT. 

300 

320 

340 

360 

380 

400 

420 

440 

460 

1 

480 

500 

20 

1 3-45 

3-56 

3-61 

3-66 

3-71 

3-76 

3-80 





I 

25 

3-24 

3-32 

3-37 

3-42 

3-46 

3*51 

3-55 

3-60 





30 

3 07 

3-13 1 

3-17 

3*22 

3-26 

3*31 

3-35 

3-39 





35 

2-92 

2-96 

301 

3 05 

3 09 

313 

3-17 

3-21 

3-25 




40 

2-79 

i 2-82 

2-86 

2-90 

2-94 

2-98 

3 02 

3 06 

310 




45 

2*68 

2-69 

2-74 

2-78 

2-82 

2-85 

2-89 

2-93 

2*96 

300 



50 

2-58 

2*58 

2-62 

2-66 

2-70 

2*74 

2-77 

2*81 

2*84 

2-88 



55 

2-49 


2-53 

2*56 

2-60 

2-64 

2-67 

2-71 

2*74 

2*77 

1 2-80 


60 

2*41 


2*44 

2-47 

2*51 

2-54 

2-58 

2-61 

2-64 

2-68 

2-71 

2*74 

70 

2*27 


00 

2-32 

2-35 

2*39 

2*42 

2-45 

2-48 

2-51 

2-54 

2-57 

80 

2-16 



2-18 

2-22 

2*25 

2-28 

2-31 

2-34 

2*37 

2-40 

2*43 

90 

2*06 ! 



2-07 

210 

2-14 

2-17 

2-20 

2*22 

2*25 

2-28 

2*31 

100 

1-97 1 



1-97 

200 

2-04 

2*07 

2-10 

2-12 

2.15 

2-17 

2*20 

PSI.G. 

SAT. 

400 

420 

440 

460 

480 

500 

520 

540 

560 

580 

600 

120 

1*82 

1*90 

1-93 

1-95 

1-98 

2 00 

203 






140 

1*71 

1*76 

1-79 

1-82 

1-84 

1*86 

1‘89 

1-91 





160 

1*61 

1*65 

1*68 

1-70 

1-73 

1-75 

1-77 

1-79 

1-81 


1 


180 

1*53 

1-56 

1-58 

1-61 

1-63 

1-65 

1-67 

1-69 

1*71 

1-73 



200 

1-46 

1-48 

1-50 

1-52 

1 1-55 

1-57 

1-59 

1-61 

1*63 

1*65 

1*67 


225 

1*39 

1-39 

1-41 

1*44 

1 1-46 

1*48 

1-50 

1-52 

1-54 

1*56 

1*57 

1-59 

250 

1*32 


1-34 

1-36 

1-38 

1-40 

1-42 

1*44 

1-46 

1-48 

1*49 

1-51 

275 

1-26 


1-27 

1-29 

1-31 

1*33 

1*35 

1-37 

1-39 

1-41 

1-42 

1*44 

300 i 

1*21 



1-23 

1-26 

1-28 

1-29 

1-31 

1-33 

1-35 

1*36 

1-38 

350 

M 3 



M 3 

M 5 

M 7 

M 9 

1-21 

1-23 

1-24 

1*26 ! 

1*28 

400 

106 




107 

109 

Ml 

M 3 

1*15 

M 6 

M 8 

119 

450 

100 




100 

1*02 

1-04 

1-06 

1-07 

109 

Ml 

M 2 

500 

•95 

1 





•96 

•98 

1*00 

1-02 

103 1 

1-04 

1*06 


Although this Table gives the factor K for pressures up to 500 psi, it must 
be clearly understood that the pipe fittings meter here described is only suitable 
for pressures up to 200 psi. For pressures higher than 200 psi a more robust 
meter must be constructed. 

Multiply the value of K found in Table XXXIV by the maximum quantity 
of steam it is expected will have to be measured. Gall this maximum flow 
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Q,lbs./hoxir. From Table XXXV see whether the steam pipe is large enough 
for metering by orifice. Table XXXV also shows the recommended thicknesses 
of orifice plates. 


TABLE XXXV. PIPE SIZES FOR METERING STEAM 

BY ORIFICE 


Maximum value 
of K X Q 

6,000 

9,000 

13,000 

24,000 

36,000 

54,000 

95,000 

150,000 

200,000 

Minimum pipe 
size—inches 

2 


3 

4 

5 

6 

1 

8 

10 

12 

Thickness of 
orifice plate 

V 

r 

r 



FIG. 85. ORIFICE COEFFICIENT AND ORIFICE RATIO 


If the pipe is a suitable size find the orifice coefficient, C, by dividing 
K X Q, by the pipe diameter in inches squared. 

^_ KX 0, 

D2 

Using this value of C in Fig. 85, find, from the point where it cuts the curve, the 
value of the orifice ratio where d is the orifice diameter in inches. Multiply 
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the orifice ratio by D, the pipe diameter, to find the orifice diameter d. Then 
a flow of Q lbs. steam per hour along a pipe D inches in diameter through an 
orifice d in diameter will register 12 in. on the mercury gauge of the meter. 


EXAMPLE 


Estimated maximum flow 
Pressure in pipe 
Temperature 

Value of K (from Table XXXIV) . . 

Volume of 33 psi.g. sat. steam is 8*90. 
K ™ 'v/S-go == 2*98. 


20,000 Ib./hour. 

33 Psi-g- 

Saturated. 

3*0. (This interpolation is 
doubtful, so it is better to 
find K by taking the square 
root of the volume.) 


K X 0 ,= 2*98 X 20,000 = 59,600. 

Minimum pipe diameter (from Table XXXV), 7 in. 
Actual pipe diameter, 9 in. 

Orifice coefficient — ^ ^ 


D2 


81 


Orifice ratio g (from Fig. 85) *513. 

Orifice diameter -= -513 X 9 in. *=4*617 ‘005 in. 


With this orifice diameter in a 9-in. pipe at 33 psi.g. with saturated steam, 
a flow of 20,000 Ib./hour will be shown by 12 in. height on the mercury column. 

The minimum straight length of pipe necessary would be 9 in. X 10 = 
7 ft. 6 in. upstream of the orifice and 3 ft. 9 in. downstieam. If there is space 
available it is better that these straight lengths be doubled. 


231 . CORRECTIONS*. If the steam pressure or temperature varies appreci¬ 
ably from the value used to determine the orifice, the meter readings will be 
wrong, but can be readily corrected. 

Multiply the meter readings by the value of K which was used to find the 
orifice size and divide by the value of K actually representing the steam 
conditions at the time of metering. 

For example, if it were desired to use the same orifice as in the example 
in Section 230 in another 9-in. pipe carrying steam exhausted from a turbine 
at 40 psi.g. with a temperature of 340° F., we can find the value of K in 
Table XXXIV as being 2-9. The meter readings must be multiplied by 2*98 
and divided by 2*9. 

232 . LIMITATIONS OF METER. No flow meter will work satisfactorily 
on a pipe with a pulsating flow. For this reason it is very difficult to meter 
the steam to a slow speed steam engine. If an attempt is made to do so, the 
meter should be fitted, back along the pipe, as far away from the engine as 
possible. Even so unless the pipe is very long the meter will not indicate 
satisfactorily. 

♦ A steam meter registers 1% low for every 2% of moisture in the steam. A steam meter 
registers 1% high for every 14® F. of superheat in the steam. (See “ Efficient Use of Fuel 
pp. 220-225). 
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The steam after passing through the orifice and the vena contracta never 
quite regains its original pressure. Some of the energy in the steam is changed 
into heat by the friction caused by passage through the orifice. This pressure 
loss is of no consequence in high pressure piping but it may be important with 
low pressure piping. The pressure loss at maximum flow with this meter is 
shown in Table XXXVI. 

TABLE XXXVI. UNRECOVERED STEAM PRESSURE 
DROP ACROSS ORIFICE 


I LOSS OF PRESSURE DROP 

ORIFICE RATIO I 


d 

D 

PER CENT LOSS OF 

PRESSURE DROP 
ACROSS ORinCE 

PSI 

(12"' MERCURY 

MF iER) 

•2 

95 

5-6 

•25 

92 

5*4 

•3 

89 

5-2 

•35 

86 

5-1 

•4 

83 

4*9 

•45 

79 

4*6 

•5 

74 

4.4 

•55 

69 

4*1 

•6 

64 

3*8 

•65 

58 

3*4 

•7 

52 

3-1 


From this it will be seen that the effect is more serious in an oversize pipe 
than in a well-loaded pipe. This is because the introduction of a small orifice 
in a large pipe creates a much greater relative disturbance than does a slightly 
smaller orifice in a much smaller pipe. 

In the example given in Section 230 the orifice ratio was ’513 which will 
give a pressure loss of 4 • 3 psi. Had the pipe been 7 in. in diameter instead 
of 9 in. the orifice coefficient would have been 1,216, giving an orifice ratio of 
•632 resulting in a pressure loss of only 3 5 psi. 

This loss of pressure may often be too serious to permit the permanent 
installation of an orifice in a very low-pressure main. The orifice should 
however be fitted for a short time and readings taken. It can then be decided 
whether a permanent meter is desirable and if so, whether its value will outweigh 
the pressure loss, or whether the measurement, with minimum pressure loss, 
warrants the installation of a Venturi tube. A properly made Venturi can 
recover almost all the pressure drop and should always be used, if the cost 
justifies it, in very low pressure pipes. The foregoing tables and curves do not 
apply to Venturis. More information, and the formulae for use with Venturis, 
can be found in British Standard Code B.S. 1042 of 1943, obtainable from the 
British Standards Institution. B.S. 1042 also gives instructions for using the 
Pitot tube which is, in some cases, the only device whose use circumstances 
will allow. The Pitot tube causes no constriction and consequently no loss of 
pressure. 
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233 . OTHER TYPES OF MERCURY METER. The meter just described 

is not beautiful. It has been dubbed aptly enough a “ plumber’s half-holiday 
Much neater designs can be adopted if welding and machining facilities are 
available. An alternative design is given on page 211 of ‘‘ The Efficient Use 
of Fuel This uses the minimum of mercury, but as the level of the mercury goes 

down in one limb and up in the other it is necessary either to have a moveable 
scale or to deduct one reading from the other. The latter is inconvenient as it 
precludes the calibration of the scale into actual steam flow. Very neat, nicely 
made mercury U-tubes can be obtained from some of the instrument makers. 

234 , STEAM MEASUREMENT BY MEASURING CONDENSATE. Where 
Steam is used inside a heating surface, the amount of condensate produced 
is a measure of the steam used. Condensate measurement is generally easy to 
do, but unless care and knowledge are used it can be very inaccurate. To get an 
accurate measurement the only instruments necessary are a boy and two barrels. 

The trap outlet should be disconnected from the condensate return main and 
fitted with a swivel pipe or hose so that the discharge can be directed first into 
one and then into the other of two identical buckets or barrels, whose exact 
fill has been weighed or measured. These measuring vessels should be filled 
brimful each time and while one is filling the other must be emptied and the 
tally marked up together with the time. The size of the buckets or barrels 
should be as small as possible, compatible with accurate filling and tallying. 
In this way, provided the times are noted, peaks and valleys can be recorded 
with a fair approach to the record taken by a costly instrument. 

At the discharge of the trap the surplus heat in the condensate causes a 
flash of steam, see Section 44. This flash of course escapes measurement and 
must be allowed for. Table IV gives the correction to be applied to condensate 
that is being discharged at atmospheric pressure. If the heating surface is well 
drained, if the trap is in good order and is of the right type and if the condensate 
pipes are well arranged, the steam will give up its latent heat only, and the 
condensate will be discharged with all its sensible heat. These are the conditions 
under which Table IV gives the right correction. 

The foregoing paragraph assumes that each vessel is fitted with a trap that 
is working perfectly, that the correct type of trap is fitted, and that the 
heating surface drains freely into the trap. Unfortunately only too many 
plants rely on a cracked-open valve to rid their heating surfaces of water, and 
even the best trap is not infallible especially if it has been applied in a position 
for which it is not suitable. Faulty traps, faulty condensate draining, cracked- 
open valves, can cause two faults ; condensate can be held back in the heating 
surface so that it waterlogs part of the heating surface and slows down the 
heating while it parts with some of its sensible heat ; or steam can pass in 
addition to condensate. The empty barrel and Table IV will give wrong results 
in both these cases. 

By using larger barrels partly filled with cold water and by blowing the 
condensate into the bottom of the barrek, the barrels will contain not only all 
the condensate, including any flash that might otherwise have escaped, but 
they will contain the condensate resulting from any steam that has blown 
direct through. The temperature of the water compared to the amount of 
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condensate will give us the real picture. This kind of measurement is a combined 
steam metering and calorimetry and must be done with care, the barrels being 
weighed, not dipped. 

Even when the corrections have been accurately applied, either for flash in 
the dry bucket or for loss of sensible heat or blowing steam in the cold-water-in¬ 
barrel method, both will give wrong results unless the input was dry saturated 
steam. To get any accuracy at all by weighing or measuring condensate the 
quality of the input steam must be measured as explained in Section 213. 

Two examples of the cold-water-in-barrel method will be given. The first 
with wet steam, the second with superheated steam. The effect of waterlogging 
and blowing traps will be seen. 


Steam Heated Driers 

Drier i Drier 2 



Steam pressure .. 

[by pressure gauge] 27 psi.g. 

[by pressure gauge] 27 psi.g. 


Steam temperature 

[by thermometer] 270° F. 

[by thermometer] 292° F. 

A 

Steam quality 

[by calorimeter] 89 % dry 

[by thermometer] 22° F. 



32 minutes 


superheat 

B 

Time of test 



19 minutes 

G 

Sensible heat 

[steam table] 

239 Btu/lb. 

[steam table] 

239 Btu/lb. 

D 

Superheat 


— 

[•5A] 

11 Btu/lb. 

E 

Latent heat 

[steam table] 

933 Btu/lb. 

[steam table] 

933 Btu/lb. 

F 

Water in barrel at start 


137 lb. 


121 lb. 

G 

Temperature of water at 






start 


63° F. 


66° F. 

H 

Heat in water at start . . 

[F (G - 3'^n 

4,247 Btu 

[F (G - 32)] 

4,114 Btu 

I 

Water in barrel at end .. 


271 lb. 


226 lb. 

J 

Temperature of water at 






end 


iii^F. 


187° F. 

K 

Heat in water at end 

n (j - 32)] 

21,409 Btu 

:i(j = 32)] 

35,030 Btu 

L 

Heat increase 

[K - Hj 

17,162 Btu 

[K - II] 

30,916 Btu 

M 

Condensate 

[I - F] 

134 lb. 

[I - F] 

105 lb. 



60 

. . 60. 

N 

Condensate per hour 

[M 

251 lb./hr. 

[M„l 

332 Ib./hr. 

P 

Heat per lb. condensate 


128 Btu/lb. 

* 

294 Btu/lb. 

a 

Sensible heat given up by 




condensate 

[C - P] 

Ill Btu/lb. 


— 

R 

Surplus heat in condensate 


— 

[P-C] 

55 Btu/lb. 

S 

Steam leak from trap* . . 


— 


5*9% 

T 

Steam condensed in plant 


119-3 lb. 

rM 

98-8 lb. 

100 

U 

Useful steam consumption 

Lt|3 

224 lb./hr. 

[t|] 

312 lb./hr. 

V 

Total steam consumption 

[^U] 

224 lb./hr. 

too 

330 lb./hr. 

W 

Wasted steam 


— 

[V - U] 

18 lb./hr. 

X 

Heat given up in plant 

[UE + NQ.1 

236,850 Btu/hr. 

[U (E -f D) + DW] 




294,725 Btu/hr. 


♦ I-lb. of condensate containing ” 294 Btu is made up partly of true condensate containing 
239 Btu/lb. and partly of live saturated steam (all the superheat will have been taken out) 
containing 239 -f 933 == 1,172 Btu lb. We can find the amount of steam thus :— 

Let X = amount of steam. 

Then : 1,172^ + (i — 239 = 294. 

X ea *059 or 5*9 per cent. 
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The correction for the heat capacity of the barrel has been omitted for 
simplicity. This correction should of course be applied—^sec Section 213. 

These two examples confirm Jim Hawkins’ experience and show what a lot 
of interesting information can be extracted from a barrel. In Drier I we see 
that the condensate draining system is so unsatisfactory that half the sensible 
heat in the condensate is being given up. This must mean that much of the 
heating surface is waterlogged, greatly reducing the possible output of the drier. 
In the second Drier, we see that 5*9 per cent, of steam is being wasted by 
blowing through a faulty trap or through a leaking bye-pass valve. 

235 . ESTIMATING INJECTED STEAM. If a meter cannot be applied a 
fairly accurate estimate can be obtained by simple arithmetic. An example will 
explain the method more easily than an explanation. The following example 
taken from the author’s factory is complicated and shows the kind of thing that 
may easily be overlooked, namely, the endothermic or exothermic heat. 

Example : Calculation of steam used in a process where for local practical 
reasons metering was impossible. 

Process : Washed raw sugar melting. 

Vessel : Mel ter. 

The raw sugar has its grosser impurities washed from the crystals in 
centrifugal machines. Much of the sugar is dissolved in the washed-off syrup— 

“ raw syrup ”, The weight of raw sugar is known. The amount and analysis 
of the raw syrup is measured. The amount of washed raw sugar is unknown 
except by difference. 

Average (round) figures for 26 weeks :— 

Weekly melt .. .. . . .. g,ooo tons. 

Raw syrup solids . . . . . . . . 16-7 per cent. 

Washed sugar—by difference . . . . 7,500 tons carrying i per cent. 

moisture. 

Washed sugar temperature . . .. 86° F. 

Melting water temperature , . .. 194° F. 

Melter liquor temperature .. .. 158° F. 

Liquor density . . . . . . .. 67*8 per cent, solids. 

Heat needed to heat sugar from 86° F. to 158° F. :— 

Specific heat of sugar at 86° F. . . . . • 303 

Specific heat of sugar at 158° F... . . • 337 

Average specific heat .. .. .. • 320 

7,500 X 2,240 X *32 X 72= 387,072,000 Btu per week. 

Heat needed to heat i per cent, moisture from 86° F. to 158° F. :— 

75 X 2,240 X 72= 12,096,000 Btu per week. 
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Heat of solution of sugar—23 Btu per lb. :— 

7,500 X 2,240 X 23 == 386,400,000 Btu 


§ 235 -236 
per week. 


Total theoretical heat required ., 
Add 5 per cent, for radiation 


785,568,000 

39,278,000 


Total heat required 


824,846,000 Btu per week. 


Water in liquor : 

32-2 X 7,500 X 2,240 

6t^ 


7 » 978 > 76 i lbs. 


As water is at 194® F. and liquor is to be at 158® F. each pound of water can 
provide 36 Btu. 

The melter blowers are supplied with open steam at 20 psi.g. measured by 
calorimeter to be 6*4 per cent. wet. 

Each pound of blower steam therefore contains 228 Btu of sensible heat and 
93*6 per cent, of 940 of latent heat or a total heat of 1,108 Btu. 

Water to be supplied is :— 

(Water in liquor) - (Moisture in sugar) = 7,81 o, 761 lbs. 


Heat to be supplied is 824,846,000 Btu. Let the amount of steam be x and 
the amount of water be (7,810,761 — x). Then :— 

l,lo8;i: + (7,810,761 — ;if) 36 = 824,846,000 

STEAM USED : x = 507,144 per week. 

Hours melting per week :—136 

STEAM USED PER HOUR = 3,729 lbs. 


Such an estimate of the steam used for direct injection is only accurate if 
all the steam is condensing. As has been explained in Section 176 superheated 
steam may pass through uncondensed. Even if the steam were saturated it might 
acquire superheat owing to wiredrawing in the nozzle or blower, as has been 
explained in Section 48. The amount of superheat produced by wiredrawing is 
given in Table VI. This wiredrawing may even occur with wet steam. The 
water droplets may be scrubbed out of the steam by the liquid being heated and 
the steam thus dried may expand sufficiently to wiredraw itself. If any of these 
things are happening more steam will in fact be used than calculation will 
indicate. It is far better therefore, somehow or other, to get an orifice into the 
pipe, even if it is a tangle of bends, and have a shot at measuring the flow. 


236 . A SIMPLE WATER METER. Condensate at or below atmospheric 
pressure, or the flow of water into a process tank, or into a boiler feed tank, 
or out of a condenser, can be measured by means of the crude metering tank 
described by Webre (Section 805) and shown in Fig. 86. Its construction is 
self-evident. The orifice is the only part that need be accurate. The orifice 
should be made of the same shape, and with the same care, as the steam meter 
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orifice shown in Fig. 79 and described in Section 221 . As it is impossible in an 
ordinary factory to produce an orifice of |-in. diameter or less to an accuracy of 
db ’ooi of the diameter, too much trust must not be placed on readings taken 
from very small orifices. Their flow is, however, very easily verified by the boy 
and bucket method. 

The amount of flow through the orifice is proportional to the square root 
of the head h. In order that the flow through the orifice be reasonably free from 
disturbance, the flow into the orifice tank should be spread by means of the 
perforated spreader shown. The orifice should be chosen to be of such a size 
that the head h does not fall below i -5 times the diameter of the orifice. The 
balance pipe is essential to prevent unequal pressure above and below the head 
and to enable the device to work under the vacuum that may exist in the 
atmospheric pipe of a jet condenser. It should be at least half the diameter of 
the orifice. It does not matter how big it is. The outlet from the sump must be 
large and unrestricted so that the sump cannot fill up. 

Table XXXVII shows the flow, in pounds of water per hour, through 
various sizes of orifice for various heads. 


TABLE XXXVII. FLOW OF WATER IN LB. PER HOUR 
THROUGH AN ORIFICE 


ORinCB DIAMETER d. 


n, 

INCHES 


1" 

r 

r 

V 

r 

r 

ir 

ir 

ir 

2 " 

2 r 

3' 

A" 

3 

183 

411 

730 

1,141 

1,643 

2,236 

2,920 

4,563 

6,570 

8,943 

11,681 




4 

211 

474 

843 

1,317 

1,897 

2,582 

3,372 

5,269 

7.587 

10,327 

13,488 

21,075 



5 

236 

530 

942 

1,473 

2,121 

2,886 

3,770 

5,890 

8,482 

11,545 

15,080 

23,562 

33,929 


6 

258 

581 

1,032 

1,613 

2,323 

3,161 

4,129 

6,452 

9,290 

12,645 

16,518 

25,806 

37,161 

66,064 

7 

279 

627 

1,115 

1,743 

2,509 

3,416 

4,461 1 

6,971 

10,038 

13,662 

17,845 

27,882 

40,150 

71,378 

8 

298 

671 

1,192 

1,863 

2,682 

3,651 

4,768 

7,450 

10,728 

14,602 

19,072 

29,800 

42,912 

76,288 

9 

316 

711 

1,265 

1,976 

2,845 

3,873 

5,058 

7,903 

11,380 

15,490 

20,232 

31,613 

45,522 

80,928 

10 

333 

750 

1,333 

2,082 

2,999 

4,082 

5,331 

8,330 

11,995 

16,327 

21,325 

33.320 

47,980 

85,298 

11 

350 

786 

1,398 

2,185 

3,146 

4,282 

5,592 

8,738 

12,583 

17,127 

22,370 

34,953 

50,332 

89.479 

12 

365 

821 

1,460 

2,281 

3,285 

4,472 

5,840 

9,125 

13,141 

17,886 

23,361 

36,502 

52,563 

93,445 

13 

380 

855 

1,520 

2,375 

3,420 

4,655 

6 080 

9.500 

13,679 

18,619 

24,319 

37,998 

54,717 

97,275 

14 

394 

887 

1,577 

2,464 

3,549 

4,830 

6,309 

9,859 

14,195 

19,321 

25,236 

39,431 

56,781 

100,944 

15 

408 

918 

1,632 

2,551 

3,673 

4,999 

6,530 

10,203 

14,692 

20.000 

26,120 

40,812 

58,769 

104,478 

16 

422 

948 

1,686 

2,634 

3,794 

5,163 

6,744 

10,538 

15,174 

20,654 

26,976 

42,150 

60,696 

107,904 

17 

435 

978 

1,738 

2,715 

1 3,910 

5,322 

6,951 

10,862 

15,641 

21,289 

27,806 

43,446 

62,56? 

111,222 

18 

447 

1,006 

1,788 

2,794 

4,024 

5,477 

7,154 

11,178 

16,096 

21,908 

28,615 

44,711 

64,383 

114,459 

19 

459 

1,033 

1,837 

2,871 

4,134 

5,627 

7,349 

11,483 

16,536 

22,507 

29,397 

45,933 

66,143 

117,588 

20 

471 

1,060 

1,885 

2,945 

4,241 

5,773 

7,540 

11,781 

16,965 

23,091 

1 30,159 

47.124 

67,858 

120,637 

21 

483 

1,087 

1,932 

3,018 

4,346 

5,916 

7,727 

12,073 

17,386 

23,664 

30,908 

48.293 

69,542 

123,631 

22 

494 

1,112 

1,977 

3,089 

4,448 

6,054 

7,907 

12.355 

17,792 

24,216 

31,629 

49,421 

71,166 

126,517 

23 

505 

1,137 

2,022 

3,159 

4,548 

6,191 

8,086 

12,634 

18,194 

24,764 

1 32,344 

50,538 

72,775 

129,377 

24 

516 

1,162 

2,065 

3,226 

4,646 

6,324 

8,260 

12,906 

18,584 

25,295 

33,039 

51,623 

74.337 

132,155 

23 

527 

1,185 

2,108 

3,293 

4,742 

6,454 

8,430 

13,172 

18,968 

25,817 

33,720 

52,688 

75,870 

134,880 


Any orifice for this type of meter can be calibrated from the following 
formula :— 

0 ,= 1,686 y. y. y/h. 

Wlierc Q, = flow of water in lb. per hour. 
d = diameter of orifice in inches. 
h = head above orifice in inches. 
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If the flow is fairly steady, that is to say if the head does not often drop 
much below about 6 in., this simple device gives reliable readings. It should, 
however, be checked by the boy and bucket. 



FIG. 86*. SIMPLE ORIFICE WATER~"mETER 


237. V-NOTCH METER. The orifice water meter described in Section 236 
will not handle widely varying flows, especially flows that might be insufficient 
to fill the orifice. For widely varying flows a V-notch meter may be more 
convenient, though even this meter will not be really satisfactory on trickles. 

The great advantage of the V-notch meter is that as the flow gets smaller, the 
measuring orifice, or V-notch, automatically gets smaller too. A V-notch meter 
can be home-made, and is simple and robust. 

Fig, 87 shows a V-notch meter. It consists of a long tank provided with one 
or more baffles which prevent disturbance of the water surface. The water 
flows over the V-shaped weir and the flow can be calculated from the height 
of the liquid above the point of the V. 

The actual notch plate should be made from rust proof metal sheet, brass, 
monel, nickel, or stainless steel, not more than ^ in. thick. The V must be 
accurately cut and the cut edges must be quite square and sharp. The inside 
or water face of the notch plate should be quite smooth. 

The level of the water can be measured by means of a float or a hook 
gauge. The float is automatic ; the hook gauge must be hand-set, but is 
probably more accurate. The float, if fitted, must be well clear of the water 
flowing into the notch. 


By permission of the Reinhold Publishing Corporation. 
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The followdng relations should be used to design a V-notch tank. 

The maximum flow level. A, should not exceed f of H, the height of the V. 

The weir tank, immediately upstream of the notch, should be about 7H 
wide and 7H long. The baffle, upstream of the weir tank should extend down¬ 
wards to a level below the point of the V. 



FIG. 87. V-NOTCH WATER METER 


The surge compartment into which the water flows should be about 12H 

long. 

The tank should be at least 3H deep. 

The flow from the V should be free and should fall 2 or 3 inches below the 
point of the V. (The absolute minimum fall is i in. below the point of the V.) 

The float should be situated in a quiet backwater tank, close to the V but 
suflSciently away from it to prevent the float obstructing the flow into the V. 

It is impossible to give tables for reading the flow. The relation changes 
so rapidly, that the table would be too large for inclusion here. 

Table XXXVIII gives the approximate flows in gallons per hour for various 
notch angles, so that the most suitable angle and tank size can be chosen. 
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TABLE XXXVIII. WATER FLOW THROUGH V-NOTCH 
METER. IN GALLONS PER HOUR 


UQUID CRFST 
HEIGHT 
INCHES 

h 

NOTCH ANGLE Q 

1 

10° i 

20° 

0 

0 

0 

1 

60° 

90° 

1 

10 

20 

32 ; 49 

68 

117 

2 

58 

116 

176 

272 1 

378 

654 

4 

324 1 

649 

984 

1,517 1 

2,110 

3,645 

8 

1,806 

3,622 

5,490 

8,460 i 

11,770 

20.340 

16 

10,070 

20,210 

30,620 

47,210 

65,680 

113,500 


The formula for flow is :— 

Gallons per hour = 

Where h is the crest height in inches. 

The value of K varies with the angle 0 of the notch and the values arc 
as follows :— 

e K 


10° 

lOOI 

20° 

20-07 

30° 

31 -61 

45° 

48-73 

60° 

67-8 

90° 

117-1 


Fig. 88 shows the flow for various angles of V. This chart is probably too 
small for practical use. A large chart can easily be made by working out two 
widely spaced results from the formula :— 

Gallons/hour = 

plotting them on log log paper when a straight line relates crest height with 
flow. 

Rotary or positive displacement meters give excellent service on clean cold 
water or clean non-corrosive cold liquids. For hot liquids special meters are 
required and cold meters are entirely unsuitable. Unfortunately the makers 
seldom cast COLD or HOT on the bodies of their meters. It should always 
be assumed that an unmarked meter is not suitable for hot water. 

The metering of hot water must be looked on as a distinctly difficult task. 
The meter must be well chosen and carefully serviced. It is extremely difficult 
to meter dirty or corrosive liquids, especially if they are hot. 

Meters should, wherever possible, be inserted in a length of straight pipe in 
an accessible well-protected place and should be provided with a bye-pass to 
encourage examination and maintenance. 
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238 . MEASUREMENT OF PROCESS MATERIALS. It is of little use 
carefully measuring steam unless the steam used in a process can be related to 
the throughput of process material. 

Process materials can sometimes be measured by volume but, generally, 
weighing is the only satisfactory measurement. Volume measurement is, 
however, so convenient that it is often used. There may possibly be some cases 
where volume measurement of solids will be accurate, but in the author’s 
experience, limited it is true principally to coal, sugar and charcoal, volume 
measurement is at best a crude approximation. 

Let us take an example. Granulated sugar is at first sight an homogeneous 
standard article, but a given weight will vary in volume if any of the following 
qualities change :— 

Temperature. 

Moisture 
Trace impurities 
Crystal size. 

Size groups. 

Presence of adhering sugar dust. 

Presence of small crystal agglomerates. 

Perfection of crystal shape. 

Vibration during filling of the measure. 

Height of drop into measure. 

The principal factor governing the volume of a given weight of sugar of a 
particular crystal size seems to be the friction between adjacent crystal faces. 

Tapping or vibrating will often greatly reduce the bulk of a granular 
material but the effect will vary with variation of other characteristics. 

Powders can vary tremendously in bulk. After a given weight has been 
filled into a measure its volume may contract slowly and gradually or it may, 
after a variable delay, contract suddenly. This contraction may be due to air 
entangled between the particles, or may be due to electric charges, or to both. 

Provided the material to be measured is fairly uniform in size and quality, 
devices such as the Lea Coal Meter which measure coal volume will work within 
2 or 3 per cent. The volume/weight ratio should be checked very frequently, 
say every few hours. 

If the specific gravity and temperature are constant, viscous liquids and 
homogeneous pastes can be measured by volume, if means are provided for 
correcting for the adhering residue on the measure. A piston which operates 
on a constant stroke will give accurate results provided it is qinte certain that 
the cylinder is quite full before each stroke. 

Volume measurement, where it can be done, is cheap and simple—much 
cheaper and simpler than w^eighing, but the material must be suitable and the 
conditions favourable or the results will be very untrustworthy. 

Whatever the material, there is only one real way of measuring and that is 
by weighing. 

There are continuous weighing machines which fit into conveyor bands. 
These are only satisfactory for crude weighings and require careful attention, 
cleaning, and very frequent checking. 
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The measurement of damp, sticky materials such as raw sugar, suspensions 
of solids in liquids, pastes which cannot be volume-weighed, etc., present great 
difficulty. 

There seems to be only one satisfactory method, namely to weigh a quantity 
and then to tare-weigh the material left sticking to the weigh pan after each 
weighing. 

The weighing of liquids having considerable stickiness, or solutions liable 
to cause incrustation on the weigh pan, can be done with considerable accuracy 
on self-taring scales. There are several kinds. In one make the scale-pan, 
after weighing and emptying, is equipoised by a sliding weight. In another type 
some liquid is retained in the weigh tank so as to give a constant tare weight. 

The measurement of air flow and humidity is most important for checking 
the performance of driers of all kinds. 

The measurement of air flow is, in practice, extremely difficult. Accurate 
measurements can be obtained from a venturi tube or orifice, but it is hardly 
ever possible to fit a venturi, and an orifice offers too much resistance. The 
pitot tube is usually the only possible measuring device, but pitot tube 
readings must be taken at many points over the cross section of the duct. 
British Standard Code B.S. 1042 : 1943 (obtainable from the British Standards 
Institution, price 12 s. 6 d.) gives particulars of pitot tubes and instructions for 
their use. 

Some information on humidity and drying is given in Chapter XXV of 
The Efficient Use of Fuel More information on humidity and on the use 
of psychrometric charts is given in Chapter XVIII of Faber’s book on Heating 
and Air Conditioning—see Section 805 . 

239 . THE ENGINE INDICATOR. This instrument is of purely specialist 
application. It records what is going on inside a cylinder in which a piston is 
reciprocating. It is perhaps unique in the amount and diversity of the infbrma- 
tion it can give ; consequently it deserves the lion’s share of a chapter to itself. 



CHAPTER 7 

THE EFFICIENT OPERATION OF ENGINES 

This said, he to his engine flew, 

Plac’d near at hand in open view. 

SAMUEL BUTLER. Hudibros. 1663, 

IN Chapters 2 and 3 the conditions that govern the efficiency of steam cycles 
have been considered in detail. The amount by which an engine or turbine 
falls short of the ideal cycle efficiency has also been discussed. These 
shortcomings from the ideal were minima ; in practice they are often gready 
exceeded. The steam engine and steam turbine are willing horses. They will 
continue to work in a manner which is satisfactory to outward appearance, 
when, in fact, they have developed faults which may increase their steam 
consumption by as much as 50 per cent. 

The steam consumption of a turbine is easy to measure. Every turbine 
should have a steam meter in its pipe. The steam consumption of a reciprocator 
is often very difficult to measure by meter. Increase in the steam used by an 
engine may therefore often grow unnoticed. It requires time and effort to 
determine whether an engine is performing as it should, and the bulk of this 
Chapter is devoted to ways and means. 

240. EFFICIENCIES OF ENGINES AND TURBINES. At best the steam 
engine or turbine taken by itself is a very inefficient machine. It is only by 
combining it with a heating process that efficient working is attained. Some 
comparisons on a coal consumption basis were given in Section 118 . These 
are set out again, with a few additions, on an overall thermal efficiency basis in 
Table XXXIX. From this sorry table we see that it is of urgent importance 
that every possible effort be made to scratch together every little bit of efficiency 
that can be collected. 

241. THE PUMPING STEAM CONSUMPTION OF ENGINES. At the 
beginning of the exhaust stroke the cylinder is full of steam at exhaust pressure. 
This steam is discharged by the advancing piston until an amount of steam equal 
to the swept volume has been exhausted. So that there must always be a mini¬ 
mum steam consumption per minute equal to the swept volume of the low 
pressure cylinder times the number of strokes per minute. The engine acts 
as a pump which always pumps a minimum amount of steam equal to the 
cylinder capacity at the exhaust or back pressure. This pumping action accounts 
almost entirely for the increased steam consumption shown with high back 
pressures and for the very large variation in steam consumption with variation 
of load shown by back pressure engines. This point is important and can be 
better appreciated by taking extremes. If the back pressure were raised almost 
to the admission pressure the engine would do virtually no work but would 
simply use its capacity to pump out all the steam at the high back pressure. 
If the exhaust pressure were an almost perfect vacuum a minute weight of steam 
would be sufficient to fill the cylinder at the very low exhaust pressure and the 
weight of pumped steam would be negligible. Table XL shows the amount 
of this pumped steam for a small simple engine and for a large compound 
engine. 
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TABLE XXXIX. APPROXIMATE OVERALL THERMAL 
EFFICIENCIES OF ENGINES AND TURBINES 

(Coal to Useful Power Produced) 


TYPE OF MACHINE 

EFFICIENCY 

Back pressure turbine, efficient, 5,000 kW 

Per cent. 

73 

Back pressure engine, bad, 100 kW . 

30 

Condensing turbine, regenerative, 30,000 kW .. 

29 

Average British grid selected stations’^ .. 

21 

Condensing turbine, medium pressure, 5,000 kW 

15 

Condensing engine, industrial, 1,000 H.P. 

9 

Colliery winding engine, good .. 

8 

Express locomotive . 

7 

Shunting locomotive 

4 

Colliery winding engine, bad. 

3 

Non-expansive non-condensing pump .. 

2 


* Exceptionally low due to inability to replace obsolete plant and to 
carry out adequate maintenance in war time. 


TABLE XL. ENGINE STEAM CONSUMPTION DUE TO 
PUMPING AGAINST BACK PRESSURE 



DOUBLE ACTING 
SINGLE CYLINDFR 

HIGH SPEED 
SIMPLE 

DOUBLE ACTING 
1-OW SPEED 
COMPOUND 

Diameter of low-pressure cylinder 

8iin. 

36 in. 

Stroke. 

lOJ in. 

48 in. 

Swept volume V . 

•324 cu. ft. 

28-276 cu.ft. 

Engine speed N 

350 r.p.m. 

75 r.p.m. 

Pumped volume V x 2N 

226*8 cu. ft./min. 

4,241 -4 cu. ft./min. 

Steam consumption due to pumping when 
back pressure is 

20-in. vac. 

181 Ib./hour 

3,390 Ib./hour 

15-in. „ . 

265 „ 

4,950 „ 

10-in. „ . 

347 „ 

6,500 „ 

Atmos. 

508 „ 

9,495 „ 

5 psi.g. 

667 „ 

12,500 ,, 

10 .. 

825 „ 

15,425 „ 

15. 

980 „ 

18,340 „ 

20 .. 

1.133 „ 

21,295 „ 

25 .. 

1.283 .. 

24.120 „ 

30 .. 

1.440 „ 

27,075 „ 

40. 

1,740 „ 

32,835 „ 

50 .. 

2,040 

38,100 „ 


700 



















THE EFFICIENT OPERATION OF ENGINES §241-243 

From Table XL it will be seen that an engine working against a high back 
pressure will be very extravagant in steam at light loads. This generally is of 
little consequence except during start-up and shut-down. In most factories 
the back pressure engine is seldom lightly loaded. It is generally unable to 
supply the power needed. It is important that engines working against a high 
back pressure should be of such size that they are working well loaded. It is 
much better to work one engine right up to full load or even overloaded than to 
run two or more engines on part load. This was very clearly shown in the 
Willans Line for two engines in Fig. 39 , Section 122 . 

The turbine has a similar action, though it is less easy to understand. The 
spaces between the turbine blades are a series of reducing orifices. The blades 
and nozzles are all the wrong size at very light or no load and the steam is 
very inefficiently used. In large sizes it may be that the light load steam con¬ 
sumption is less than that of the corresponding reciprocator. As in a reciprocator 
the higher the back pressure the greater the steam consumption due to the 
lower pressure drop. 

242, THE FRICTIONAL STEAM CONSUMPTION OF ENGINES AND 
TURBINES. The losses due to friction vary greatly, but are seldom very 
large. In poor cases the mechanical efficiency at full load may be 90 per cent, 
while some engines exceed 97 per cent. 

In a lubricated bearing most of the resistance to be overcome is due to the 
viscosity of the oil. It is therefore of great importance that the oil be well 
chosen. Lubricating oils have suffered from high pressure salesmanship. 
Cheap oil is generally dear oil. 

In a turbine there are many fewer bearings than in a reciprocator, and these 
bearings arc not subjected to heavy accelerating and retarding forces at every 
revolution. It might be thought that the frictional loss in a turbine would be 
much less than that of a reciprocator. This is not so, however, particularly at 
light or no load. 

If a turbine with several stages is running light almost the whole of the 
pressure drop will occur over the nozzles of the first wheel. The remaining 
blades just churn around in the steam. If the steam is dense, due to high back 
pressure, the friction produced by this churning may be really appreciable. 
The lighter the load the greater the number of idle wheels and the greater the 
churning. This is one of the reasons for the disappointing results often obtained 
from mixed pressure turbines. When working on the low pressure the high 
pressure wheels are idle and just churn in steam at the input low pressure. 
To keep them cool it may be necessary to admit a little high pressure steam. 
Contrariwise, when working on high pressure the low pressure wheels are under¬ 
loaded and do considerable churning. It is dangerous to try to give a definite 
figure for this churning loss. It varies with the conditions and with each 
particular design of machine, but it is often large enough to do more than 
counterbalance the reduced bearing friction possessed by a turbine compared to 
a reciprocator. 

243. LOSS BY RADIATION. This is a loss common to turbines and engines. 
As a turbine for a given power is smaller than the corresponding reciprocator 
the losses by radiation are smaller for a turbine than for a reciprocator. Another 
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reason for greater losses from a reciprocator from radiation is that the piston 
rod goes into the cylinder right into contact with the hot steam and then comes 
out for a breather every stroke. Generally speaking turbines are better lagged 
than reciprocating engines, but, compared to a high pressure steam pipe, the 
lagging of turbines is deplorable. An inch or two of indifferent compound ; 
all the flanges bare. This iniquity is then covered up by a nice planished steel 
cover. Engines are even worse. All steam pipe flanges in an economical factory 
arc lagged. How often has anyone ever seen the flanges of an engine cylinder 
lagged ? How many cylinder heads are lagged ? Why ? It is feared that 
poor old grandfather is to blame again. He did not lag his cylinder flanges 
and covers, so we do not. IT IS MORE IMPORTANT TO LAG AN 
ENGINE CYLINDER THAN ANY OTHER PIECE OF PLANT. 

244. GLAND LEAKAGE. From a reciprocating engine, gland leakage is 
visible and obvious. It makes the engine room hot and uncomfortable, 
consequendy it is seldom allowed to get bad. 

The gland in a turbine is usually a labyrinth in two or more main stages. 
Only the last stage is, as a rule, open to the engine room. In condensing tur¬ 
bines, the intermediate stage of the high pressure gland is often led into the low 
pressure end of the turbine in good installations ; straight into the condenser 
in bad plants. In back pressure turbines the makers often insist that the glands 
should discharge to atmosphere. This is very wasteful, but it has the un¬ 
doubted advantage that the waste is visible and audible. 

Gland leakage in a turbine can be very severe if the gland gets damaged. 
The turbine will continue to run apparently satisfactorily, and, unless the 
gland steam can be seen, heard or measured in some way, a very large waste can 
go on undetected for months. Turbine glands can easily get damaged if the 
turbine gets distorted by expansion, particularly at start-up. In a back pressure 
turbine the casing is often racked by the exuberant expansion of a huge exhaust 
pipe and the resultant distortion may easily cause the delicate labyrinth to 
rub and be partly destroyed. This usually happens quite inaudibly and dis¬ 
creetly, so a watch should regularly be kept on gland leakage. (At the moment 
of writing, the damaged glands in the author’s turbine are passing about 
8,000 lb. steam per hour ; nearly 10 per cent, of the turbine steam.) 

Turbine gland leakage is not by any means always complete waste, but it 
always represents useless increase of entropy. The exact significance of turbine 
gland leakage must be considered. The high pressure gland is at the pressure 
of the first-wheel chamber or cell, something considerably less than stop-valve 
pressure. How does the steam that passes through the high pressure gland get 
to the gland ? Does it all go through the impulse wheel and round over the 
top ? Or does it sneak out of the nozzle straight into the gland without first 
■doing a job of work in the wheel ? Probably a bit of both. The steam that 
passes out of the low pressure gland has all passed through all the turbine wheels 
and has generated all the power that it can. (We are discussing the low pressure 
gland in a back pressure turbine.) All this gland steam can be used for heating 
at atmospheric pressure or a little higher (in the author’s factory all the gland 
leakage goes into the 10 psi main). So the loss in the low pressure gland is the 
difference in pressure between the back pressure and the pressure at which the 
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gland steam is used. The loss in the high pressure gland steam is probably about 
70 or 80 per cent, of the power producing capacity of the steam. It can only 
have done work in the first wheel, it is entirely lost to the remaining stages, 
and some of it may never have passed through the first wheel at all. 

Gland steam can be metered by means of an orifice and mercury U tube 
as described in Sections 215 to 233 . In order to reduce the throttling effect 
of the orifice, the orifice size should be calculated for a very much greater 
flow than the expected amount of the gland leak. Where gland steam is 
piped direct to the condenser, a thermally deplorable deed, it is very important 
that it should be periodically metered as the whole of the heat is completely 
lost. 

245. CYLINDER CONDENSATION. This is by far the greatest loss in 
most reciprocating engines. It is rather complicated but merits detailed 
consideration. 

Assume that the engine is hot and is being supplied with saturated steam. 
During the exhaust stroke the cylinder walls, cylinder head, valve passages 
and piston head are cooling down to exhaust temperature. After the exhaust 
valve has shut and compression is taking place no further loss of heat to the 
exhaust can take place. Compression raises the temperature of the compressed 
steam but most of this heat is given up to the metal of the cylinder. When the 
admission valve opens the high pressure steam enters and at once gives up 
much of its heat to heating the steam ports, cylinder head and piston head. If 
the steam is saturated it can only part with heat by condensation. When the 
piston moves forward it uncovers comparatively cool cylinder metal. So that 
during admission condensation continues up to cut-off. After cut-off the pressure 
in the cylinder falls and, although the steam is still trying to part with heat to 
the cylinder, this is partly compensated by the production of flash steam from 
the condensate in the cylinder. However, this balance is upset because the 
steam is parting with the heat that it is converting into work on the piston. 
This causes further condensation, as has been explained in Chapter 2 . When 
the exhaust valve opens the sudden reduction in pressure causes a flash of 
steam from the condensate. During the exhaust stroke the now hot cylinder 
walls readily give up their heat to evaporating the condensate and are thus 
rapidly cooled down towards the saturation temperature appropriate to the 
exliaust pressure. At the end of the exhaust stroke much of the condensate 
has been re-evaporated at the expense of heat in the cylinder walls, cylinder 
head, piston and valve passages. The process repeats itself at every stroke. 

The greater the amount of expansion in the cylinder the greater will be the 
temperature difference at the beginning and end of each cycle. So that an 
attempt to get greater expansion in a single cylinder will be accompanied by 
much greater condensation losses than if the expansion were shared by two 
cylinders as is done in a compound engine. 

The faster the engine runs the less time will there be for the cylinder walls 
to absorb heat from the live steam and cause condensation, and the less time 
will there be for the metal to give up heat to the condensate for evaporation 
during exhaust. 
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If the admission and exhaust valves can be entirely separated the inlet 
ports will not be cooled by the outgoing exhaust. 

If the cylinder could be kept sufficiently warm to prevent condensation 
there would be no loss by the re-evaporation of condensate. 

All these things have been tried with varying success. By using a small high 
speed engine in place of a large slow speed machine the condensation losses 
are reduced, but frictional losses may be greater. It cannot be affirmed that 
the high speed engine is always more efficient than the low speed engine. By 
separating the admission and exhaust valves a definite gain has been achieved, 
variously estimated at between lo and 20 per cent., but usually the comparison 
is difficult as engines with separate valves usually have a quick acting valve 
gear that is anyhow an improvement on the slide valve or piston valve. 

By applying a steam heated jacket to the cylinder a gain of between 5 and 
25 per cent, has been found. Heat is supplied by the jacket which greatly 
minimises condensation in the cylinder although it of course causes condensation 
in the jacket. But the condensate in the jacket cannot be re-evaporated and lost 
and this is the cause of the economy. Nowadays jackets are seldom fitted for 
reasons that will be explained in Section 246 . The steam jacket, or ‘‘ case ” 
as he called it, was invented in 1765 by James Watt, who said : ‘^To make 
a perfect steam engine it is necessary that the cylinder should always be as 
hot as the steam which enters it.” 

246. SUPERHEATED STEAM. By superheating the steam the following 
benefits appear ; initial condensation can be eliminated ; condensation due 
to work producing expansion can be eliminated ; if there is no condensate 
present at exhaust there can be no loss due to re-evaporation during exhaust ; 
superheated steam, being a dry gas, parts with its heat less rapidly than saturated 
or wet steam ; dry steam during exhaust draws heat less readily from the metal 
cylinder than does a film of condensate. If the admission and exhaust valves 
arc separate less superheat will be needed than if they share common ports. 

Cutting off the jacket steam will probably improve matters if the engine is 
being supplied with superheated steam. The jacket is provided solely to limit 
or reduce condensation in the cylinder. If condensation has lieen prevented 
by superheating, the purpose of the jacket is gone and all it can do is to offer 
a larger heat-losing surface than does the unadorned c> Under. 

Superheating was first commonly used about i 860 and the economy 
resulting (up to 50 per cent, saving in steam) was so great that supeiheating was 
carried too far. The cylinders of the engines of those days were lubricated with 
tallow which decomposed at quite moderate temperatures. The result was 
serious scoring of the valve faces, cylinder bores and pistons, and superheat was 
practically abandoned in 1870 . Increasing admission pressures, the improve¬ 
ment of compound engines and the production of better condensers and vacuum 
pumps provided easier methods of improving economy than the overcokning of 
the lubrication difficulties at high temperature. The limitations of metals and 
of manufacturing technique soon put a brake on pressure increase and by 1900 
superheat had come back to find that improvements in oils were available to 
let it take its rightful place in thermo-economy. 
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In 1897 Professor W. Ripper carried out his famous experiments with 
superheated steam on a small 13 H.P. single-acting engine with two cylinders 
of 7 -in. bore taking steam at 100 psi.g. and running at 180 r.p.m. He obtained 
the results shown in Table XLI. 


TABLE XLI. EFFECT OF SUPERHEAT ON STEAM 
CONSUMPTION OF SMALL RECIPROCATING ENGINE 

(Ripper) 


APPROX. 

SUPERHEAT 

®F. 

STEAM 

CONSUMPTION 

LB./H.P./HOUR 

RELATIVE 1 

EFTICIENCY 
IMPROVEMENT 

PER CENT 

1 

ADIABATIC 

HEAT 

DROP 

BiU 

RELATIVE 

CYCLE 

IMPROVEMENT 

PER CENT 

Sat. 

39-6 


140 


100 

33-8 

15 

151 

8 

150 

29 

25 

1 159 

14 

200 1 

25 

36 

166 

19 

250 1 

23-4 

44 

171 

22 

300 

20*1 

49 

187 

33 


It will be seen that the actual efficiency improvement due to superheating is 
about double the amount of the improvement to be expected from the greater 
heat drop, except with a superheat of 300 ® F. The inference to be drawn from 
Table XLI is that somewhere between 250 ° and 300 ® of superheat was sufficient 
to prevent any condensation at all, and beyond this point additional superheat 
meiely increases the available heat drop. 

247. DIFFICULTIES WITH SUPERHEAT. Superheated steam is a dry 
gas. The valves and pistons of engines must be lubricated if superheated steam 
is to be used. This means that oil will be present in the exhaust steam. If 
the engine is exhausting to a condenser the oil will coat the condenser tubes 
and reduce the heat transfer, and the condensate will consist of an oily emulsion. 
Such condensate is unsuitable for boiler feed, so that unless means can be found 
for removing the oil, then the use of superheated steam must be abandoned, or 
the condensate must be wasted, or more cooling water must be used in the 
condenser, or a lower vacuum must be tolerated. The not very satisfactory 
methods for removing oil from steam and condensate have been discussed in 
Section 184 . 

If the exhaust steam is to lie used for process, oil is probably very undesirable. 
It will coat the surfaces of calorifiers and pans ; it cannot be permitted if the 
steam is to come into contact with food or textiles. 

Where superheat is possible, and there are hundreds of factories where the 
conditions permit its use, it should not be pushed up without expert advice. 
Valves and glands that are suitable for saturated steam or for moderately 
superheated steam may be quite unsuitable to withstand highly superheated 
steam. The oil must be chosen with care. Any of the reputable oil companies 
will recommend the correct oil for the particular conditions. Temperatures 
above about 650 ® F. are not advisable in reciprocating engines. 

High superheat is not an unmixed blessing. It is better to use a moderate 
superheat with reliability and freedom from worry forfeiting a little efficiency, 
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than to strive for the last i per cent, of efficiency and to have continual anxiety 
and trouble. 

The turbine can accept highly superheated steam without any lubrication 
difficulties. The limits are simply those imposed by reasonable prudence and 
the desired exhaust state (Sections 79 , 80 , 100 , 145 ). It is one of the tiresome 
contrarinesses that the turbine will accept superheat without difficulty whereas 
the reciprocator makes all kinds of troubles, yet the turbine benefits far less 
from superheat than does the reciprocator. 

248. BENEFITS OF SUPERHEAT. We can summarise the benefits thus : 
Superheat reduces or even eliminates the greatest loss, cylinder condensation, in 
a reciprocating engine ; Superheat gives an appreciably increased cycle 
efficiency ; it gives proper control of the quality of the exhaust steam—this 
is desirable for process purposes in order that the process plant may be fed with 
dry saturated steam, and it enables the moisture in the last row of blades in a 
condensing turbine to be kept at about 12 per cent. ; it reduces losses in steam 
transmission along the pipes, because superheated steam parts with its heat less 
readily than saturated or wet steam (Chapter 5 ) ; the steam pipes can be 
smaller because steam velocities can be nearly twice as great with superheated 
steam as with wet steam (Table XXVII, Section 172 ). 

Another benefit of superheat is in the boiler plant. Superheated steam 
contains more heat than saturated steam, and this extra heat must be put in in 
the boiler. This would at first sight seem to call for more coal, but often no 
more coal need be burnt especially if the plant consists of shell boilers. The 
superheater is extra heating surface in the boiler which takes more heat out 
of the combustion gases, so that much, if not quite all, of the extra heat needed 
may be obtained for nothing. 

249. INEFFICIENCY IN BACK PRESSURE MACHINES. In Section 112 
it was stated that ‘ ‘ it does not matter how inefficient an engine is, provided there 
is a real use for all the exhaust steam This statement is true, but it must not 
be allowed to encourage complacency towards inefficiency in a back pressure 
machine. In some factories steam is used lavishly with the excuse “ It’s engine 
exhaust and would be blown to atmosphere if we didn’t use it Now is that 
true ? A roaring safety valve has a fine psychological effect. Everyone realises 
that there is waste going on ; consequently everyone will try to minimise the 
waste by keeping the engine or turbine up to the mark, by reducing the power 
load wherever possible, by keeping the back pressure as low as possible—^sce 
Section 125 . 

A back pressure machine should be kept in as efficient a state as possible, 
thus giving the process every encouragement to economise in the use of steam. 
If the steam/power ratio is such that the process cannot absorb all the exhaust 
from the power house, it is even more necessary to maintain the power-producing 
plant in first-class condition. 

If the load is a series of peaks and valleys, it is particularly important that 
back pressure machines be kept in as good trim as possible so that their steam 
consumption may be a minimum. In this way the boilers can meet the peaks 
and the engine exhaust does not blow off in the valleys. 
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250. SIGNS OF ENGINE AND TURBINE DEFECTS. The metering of 
Steam to turbines presents no difficulty and there is no excuse in any factory for 
ignorance as to the steam consumption of turbines. Metering of steam to 
reciprocators, especially of slow speed, is practically impossible, so indirect 
methods must be used to check any falling off of efficiency. 

Any steam plant such as a pumping station, which is working under steady 
conditions and where the engine is the only steam user, will show defects in the 
engine as an increased consumption of coal, provided the quality of the coal 
remains constant and the boiler efficiency does not vary. 

Most engines do not work under such conditions, and, unless energetic 
steps arc taken to check engine efficiency, great waste can go on for months 
undetected. In order to know whether the engine is working efficiently or not 
it is necessary to know :— 

1. How much steam the engine is using. 

2 . How much steam it ought to use. 

Neither of these is at all easy to ascertain. 

251. HOW MUCH STEAM SHOULD AN ENGINE USE ? The engine 
makers should be able to say how much steam the engine should use at various 
loads. The makers may have gone out of business or the engine may be of 
foreign make. Advice should then be sought from makers of similar machines. 
If no information can be obtained from these sources it will be necessary to 
make your own estimate and some indications of how to go about this arc given 
below. Quite a lot of information has already been given in Section 104 . 
Whether the figure be obtained from the maker or whether it is an amateurish 
estimate a major difficulty at once arises. Is the engine on full load, three- 
quarter load, half-load or overload ? 

252. WHAT IS THE WORK DONE? If the engine is driving a dynamo 
or alternator the switch board instruments will at once show the amount of 
energy being delivered by the generator. This will be rather less than the 
power the engine is developing owing to the losses in the generator and in the 
engine, i kW is equivalent to 1*34 brake horse power. There are mechanical 
and radiation losses in the engine and electrical losses in the generator which 
vary greatly but which, for purposes of estimate, we can take as being about 
20 per cent, for moderate sized machines of 300 kW or so, and say 30 per cent, 
for small machines of 50 kW and under. By allowing for these losses we can 
get at the theoretical or indicated horse power. A rough rule is to take i • 5 
indicated horse power per kW for a large machine, i *7 I.H.P. per kW for a 
fair sized machine and i *9 I.H.P. per kW for a small machine. 

Where the machine is driving a line shaft, a rolling mill, winding coal or 
spinning textiles the best way is to try to compare conditions with another plant 
doing the same work by electric motors. At best only a very rough and rather 
untrustworthy estimate can be obtained. 

253. WHAT STEAM IS NEEDED. Having made the best possible estimate 
of the amount of power being produced by the engine, an estimate can be made 
of the steam required. This is done by tciking the adiabatic heat drop of the 
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cycle over which the engine is working and correcting for the efficiency ratio 
that can reasonably be expected. This has been described in Sections 103 and 
104 , but no indication was there given of the probable efficiencies of very small 
machines. Fig. 89 gives the adiabatic heat drop in terms of pounds of steam 
per H.P., to save the trouble of working it out from the steam tables. These 
curves give the theoretical steam consumption per Internal or Indicated 
Horse Power in an ideal engine. They must be corrected for the probable 
losses that will be present in the actual engine. Table XLII gives an indication 
of the efficiency ratio to be expected from different types of small machines. 
Tables IX and X gave efficiency ratios for larger machines. 



FIG. 89 . STEAM CONSUMPTION OF IDEAL ENGINE WITH VARIOUS INITIAL AND 

EXHAUST PRESSURES 


One point of interest in Table XLII is that condensing engines are shown 
as having lower efficiency ratios than non-condensing engines. This may seem 
surprising. There must be no confusion between Thermal Efficiency and 
Efficiency Ratio. The cycle efficiency (and probably the thermal efficiency) 
of the condensing engine will be higher than that of the non-condensing engine, 
but the efficiency ratio of the condensing engine will be lower because there is a 
greater temperature difference between exhaust and admission in the cylinder 
of the condensing engine ; there will consequently be greater heat losses to the 
cylinder 

The steam consumption ought to be :— 


Ideal consumption per I.H.P. 
(From Fig. 89 ) 


100 

Efficiency Ratio 


X 


/estimated horse-\ 
Vpower required./ 


(from Tables IX, X, XLII), 


Example L 

A simple engine is estimated to be developing 60 H.P. It is supplied with 
dry saturated steam at 100 psi.g. and exhausts to atmosphere. What should 
be the steam consumption in lb. per hour ? 
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Absolute pressure is 115. 

115 cuts the Atmos, curve in Fig. 89 at 17 Ib./I.H.P./hr. 

Probable efficiency ratio from Table XLII is 46 per cent. 

Steam consumption should be : 17 x X 60 = 2,217 lb./hour. 

46 

Say mechanical efficiency is 85 per cent., then real steam consumption should 

be — = 2,610 Ib./hour. 

•85 

TABLE XLII. APPROXIMATE EFFICIENCY RATIOS 
OF SMALL ENGINES 


TYPE OF ENGINE 

winrouT 

SUPERHEAT 

WITH 

SUPERHEAT 

Simple non-condensing up to 50 I.H.P. 

43 

50 

Simple non-condensing up to 300 I.H.P. 

60 

70 

Simple condensing up to 50 I.H.P. 

41 

48 

Simple condensing up to 300 I.H.P. 

55 

65 

Compound condensing up to 50 I.H.P. 

55 

65 

Compound condensing up to 300 I.H.P. 

70 

1 

75 


The figures given in Table XLII, in so far as they can be compared, are rather more 
optimistic than those in Table X. The figures for the two tables were taken from different 
authorities. 


Example IL 

Compound engine driving dynamo. Output 200 kW. Steam supply 
superheated steam at 185 psi.g. Engine exhausting into condenser at 25-in. 
vacuum. What should be the steam consumption ? 


Absolute pressure is 200. 

200 psi.g. cuts the 25-in. curve in Fig. 89 at 8*8 Ib./I.H.P./hr. 

3 kW is equivalent to 4 H.P. Therefore engine is developing 267 H.P. 
Probable efficiency ratio from Table XLII is 75 per cent. 

Probable mechanical and electrical efficiency 80 per cent. 

Steam consumption should be : 8*8 X X — 3,920 Ib./hour. 

75 ‘8 


254. ESTIMATING THE WEIGHT OF STEAM THAT SHOULD 
ENTER THE CYLINDER. Another method of finding the steam needed is 
now described. It does not really find the steam needed, nor does it find the 
steam actually being used. It is a kind of cross between the two and is given 
for what it is worth. 

If we know at what point of the stroKe the steam is cut-off, then the cylinder 
volume at cut-off should represent the amount of steam that enters the cylinder 
at each stroke. We must consider the high pressure cylinder only in the case of 
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compound engines, and all the high-pressure cylinders in the case of multi- 
cylindered engines. If the pressure of the steam entering the cylinder is known, 
the weight of this volume of steam can be found from the steam table. The 
pressure in the cylinder during admission can be found from the indicator 
diagram (which is described below in Section 259 onwards). The point of 
cut-off can also be found from the indicator diagram or it can be found as 
described in Section 273. 

The actual weight of steam that enters the cylinder is, however, always 
greater than this, owing to condensation in the cylinder, unless the steam is 
highly superheated. If the steam is highly superheated the amount of steam 
may be less than the volume calls for due to wiredrawing in the valve ports. 
Allowance, on a rough practical basis, can be made for these variations by 
multiplying the apparent weight of steam by the following factors :— 


Highly superheated steam .. .. .. . . -95 

Moderately superheated steam .. . . . . i • o 

Slightly superheated steam .. .. . . .. i • i 

Dry saturated steam .. . . . . . . 1*25 

Wet steam .. .. .. .. .. .. 1*45 


Example, 

Single cylinder, double acting engine, bore 10 in., stroke 12 in., speed 
200 r.p.m. Steam is diy saturated at 85 psi.g. At full load cut-off takes place 
at half stroke. What is the probable steam consumption ? 

Piston displacement up to cut-off : - - -^ = *273 cu. ft. 

7 X 144 X 2 

Add 5 per cent, of the volume for clearance -273 *027 == *3 cu. ft. 

This then is the apparent volume of the steam entering the cylinder. 

The volume of steam at 85 psi.g. is 4*45 cu. ft./lb. 

Then • 3 cu. ft. will weigh • 0674 lb. 

For dry saturated steam the condensation factor (see above) is i • 25. 

Probable weight of steam per stroke is *0674 X i -25 == -0843 lb. 

Steam consumption per hour is *0843 X 200 X 2 X 60 ~ 2,023 lb./hr. 

255 . FINDING THE ACTUAL STEAM CONSUMPTION. I. Bv Steam 
Meter. This is seldom possible except with high speed engines supplied by 
large steam mains which are sufficiently long to enable the orifice to be inserted 
far enough away from the engine to be reasonably free from pulsations. Meters 
can, however, be used with all turbines. It is generally useless to try to measure 
the consumption of a slow speed engine by meter. It is sometimes suggested 
that by throttling the pressure pipes leading from orifice to meter the pulsations 
can be smoothed out. This is true up to a point but the accuracy is sometimes 
smoothed out as well. 

2. By weighing the condensate. This method can only be used where the 
engine is exhausting to a surface condenser or into a process from which the 
WHOLE of the condensate is returned. It is done by collecting the condensate 
n buckets or barrels and weighing the amount discharged in a given time 
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If weighing is inconvenient measurement can be substituted. If small measuring 
vessels are used it is possible, by logging time as well as quantity, to get some 
idea of variations in consumption. Before measuring condensate the condenser 
should be tested for leaks, as any leakage of condensing water will add itself to 
the condensate and make the engine steam consumption appear greater than 
it really is. (See Section 234.) 

3. By measuring the cooling water. If the engine is exhausting into a jet 
condenser the condensing steam mixes with the cooling water and it is not 
possible to measure the condensate as in 2 above. If, however, it is possible to 
find the rate of flow of the cooling water into the condenser the amount of 
steam can be estimated approximately from the rate of flow and the rise of 
temperature. 

Example. 

The rate of flow to a jet condenser is found by V notch to be 4,000 gallons 
per hour. The water enters at 60° F. and leaves at 90° F. What is the probable 
steam consumption of the engine ? Vacuum 26 in. 

Saturation temperature at 26 in. is 125° F. 

Latent heat at 26 in. is 1,023 Btu/lb. 

Sensible heat given up by each pound of condensed steam is 125 — 90 = 

35 I^tu. 

Total heat given up by each pound of condensing steam is 1,023 + 35 ~ 
1,058 Btu. 

Total heat absorbed by cooling water is 40,000 X (90 — 60) == 
1,200,000 Btu/hour. 

Weight of steam condensed is = i)i34 lb./hour. 

This assumes that the exhaust steam is dry, which is very unlikely. This figure 
should be multiplied by a correcting factor which should not be quite so large 
as the factor given in Section 254. 

4. By measuring the steam supplied by the boiler^ If the engine can be run for 
several fairly long periods with no other load on the boiler, then the water 
evaporated by the boiler is the steam used by the engine less any losses in the 
steam pipe. If the feed water to the boiler can be measured, all that is necessary 
is to see that the water level in the boiler is the same at the end as at the beginning 
of the test. If the feed cannot be measured, the boiler feed can be stopped and 
the amount by which the water level drops in the glass can be noted. A large 
number of readings should be taken and averaged, and the amount of water 
used calculated from the boiler dimensions. This method is not accurate, 
but it may be sufficient to draw attention to some glaringly inefficient engine. 

256 . THE INDICATOR. The indicator was invented by James Watt to 
measure the power of his engines. He knew* that the pressure acting on the 
area of the piston was the work actually done by the steam, but realised that 
only part of this work was available at the engine shaft owing to bosses in the 
engine. He carried out experiments at the London brewery of Barclay and 
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Perkins and found that a heavy dray horse, attached to a rope which was 
passed over a pulley above a deep well, could lift loo lb. at 2*5 miles an hour. 
This is just 22,000 ft. Ib./niin. Watt added 50 per cent, to this figure in order 
to give his customers good measure and rated his engines on the basis of 
Indicated Hoise Power of 33,000 ft. Ib./min. 

The iixdicator will tell us many interesting things. It can be used to give 
an idea of the actual steam consumption of a slow speed engine whose steam 
cannot be metered due to pulsations. It gives us the power developed by the 
steam inside the cylinder. It shows up many faults or good points in the 
design and condition of the engine. But —it must be used with care and 
intelligence and only an expert can interpret the indications obtained from a 
high speed engine. 



FIG. 90. THE ENGINE INDICATOR 


The indicator is a small piece of mechanism which can be attached to the 
cylinder of the engine and from which a chart can be obtained showing the 
pressure in the cylinder vertically and the position of the piston horizontally. 
Fig. 90 shows one of many types of indicator. The chart is carried on a drum A, 
which is given a to and fro turning movement by a cord B wound round the 
base of the drum. The other end of the cord is attached to a suitable mechanism 
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driven by the engine crosshead or piston rod. A spring G inside the drum 
opposes the pull of the cord and keeps the cord tight. The cord is specially 
made for the purpose and has a wire core to prevent stretching. 

257. INDICATOR RIOS. It is important that the motion of the drum 
should correspond as closely as possible with that of the piston. Care must 
therefore be taken in the design of any linkage or gear which is used for 
transferring the reciprocating motion of the piston to the end of the drum cord. 
It is always necessary to employ some method of reducing the motion, because 
the length of the indicator diagram is not more than about 3 in., whereas the 
engine stroke may be as much as 5 ft. It is relatively easy to rig up something 
quite suitable for attachment to an open-motion slow speed engine, but in the 
case of high speed totally enclosed engines it will probably be necessary to 
acquire from the makers of the engine the necessary gear, which they are 
generally in a position to supply. Some simple arrangements which give an 
exact reproduction of the motion of the piston on a reduced scale are shown 
in Fig. 91. 



FIG. 91. INDICATOR RIGS THAT GIVE EXACT SCALE REPRODUCTION OF PISTON 

MOVEMENT 


The indicator itself is attached to a cylinder cock, or to a special pipe leading 
from the end of the cylinder. A small piston D, Fig. 90, in the indicator body 
is connected by a straight line linkage E to a pencil h which moves vertically 
up and down the drum parallel with the drum’s axis. The motion of the 
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piston D is opposed by a spring G of such a strength that the range of pressure 
in the cylinder gives a movement of about i i in. to the pencil. The spring G 
is made easily detachable so that it can quickly be changed for one of greater 
or lesser strength, so that a suitable sized diagram is readily obtainable, and so 
that the same indicator can be used for all three cylinders of a triple expansion 
engine by using springs of the appropriate strength. 

The straight line linkage is shown in Fig. 92. The piston rod is slotted and 
the linkage occupies the slot. The link A is pivoted to the piston rod by the 
pin B. The link A transmits the piston rod’s motion to the pencil lever G. 
The lever C is pivoted to the link E. The link A is pivoted to link D whose 
other end is pivoted on the frame of the indicator. Links D and E constrain the 
pencil F to follow a straight line motion parallel to that of the piston. 



FIG. 92. INDICATOR STRAIGHT LINE LINKAGE 

The springs are usually denoted by numbers representing the movement of 
the pencil for a i-lb. rise or fall of pressure in the cylinder. A 1/150 spring 
means that the pencil will move 1/150 in. for i psi change of pressure, or that 
150 psi will give a movement of i in. 

The “ pencil ” F usually consists of a metallic point which makes a mark 
on the special sensitized paper which is wrapped round the drum. Packets of 
this special paper can be obtained from the makers of the indicator. The 
drum has clips H fitted to it with which the paper can be easily attached. 

258. TAKING INDICATOR DIAGRAMS. The method of taking the 
indicator diagrams is as follows. The cord, which has a loop and a slip knot, 
80 that its length may be easily adjusted, is first attached to the drum. Usually 
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the drum carries a short length of cord with a hook on the end, and the cord 
attached to the reciprocating gear ends in a loop. The hook must be passed 
through the loop while the engine is running—quite a tricky operation with 
a high speed engine—as it is generally not possible to keep stopping the engine 
every time a diagram is to be taken. 

Having attached the cord, the motion of the drum must be watched to 
see that it is oscillating nicely and is not hitting the stop at either end. A special 
cock K Fig. 90 is usually fitted to the base of the indicator. This cock has 
three positions. One, in which the indicator cylinder is connected to the engine 
cylinder. Two, where the indicator cylinder is open to atmosphere. Three, 
whereby the engine connection is open to atmosphere. Turn the cock K so 
that the engine cylinder is connected to atmosphere. Open the cock on the 
engine pipe and thus blow out any air, dirt or water. Then turn cock K so 
as to put the engine cylinder in connection with the indicator cylinder so as to 
warm up the indicator cylinder and piston. The indicator pencil will now be 
going up and down, and it can be seen whether the spring is giving a suitable 
travel to the pencil. Shut the cylinder cock. We are now ready to take the 
diagram. 

The pencil mechanism is carried by a bracket L which can slew round the 
indicator cylinder, thus enabling the pencil to be brought into contact with the 
paper, or swung clear. There is a stop screw M to prevent the pencil being 
pressed too heavily against the paper. The head of this screw acts as a knob 
or handle for turning the pencil on to or away from the paper. With the 
cylinder cock shut, open the cock K to put the indicator in connection with 
atmosphere. The pencil will now be stationary at a position corresponding to 
atmospheric pressure. Swing the pencil round very cautiously until the pencil 
nearly touches the paper, then screw the stop M out to prevent the pencil 
swinging in. The drum is oscillating to and fro. Gently slack back the stop 
screw M turning the pencil inwards until the pencil draws a fine but firm line 
on the diagram. I'his is the atmospheric line. It must never be forgotten, as 
without it the diagram is of little use, and if the drawing of the atmospheric 
line is used for setting the pencil movement, it never will be forgotten. Swing 
the pencil away. Turn cock K to allow the steam to blow to atmosphere. 
Open the cylinder cock. Blow through for two or three strokes. Turn cock K 
to put the indicator cylinder into communication with the engine cylinder. 
The pencil will now move up and down. Swing the pencil into contact with 
the paper for one complete cycle. This requires a little practice and a nice 
touch. If the engine is on a perfectly steady load, it does not matter if two or 
three diagrams are drawn one on top of the other ; but if the load is varying 
the diagram will be blurred and mixed. 

Do not use a heavy indicator on a high speed engine. The makers of the 
indicator will be able to say for what range of speeds it is suitable. Select a 
spring that will give a fairly large diagram, but, if there is any tendency for 
the pencil to vibrate, a stiffer spring may steady it down, but will of course 
give a smaller diagram. Don’t forget to write the date, stop valve pressure, 
engine speed, spring number and other relevant particulars on the diagram. 

The height of the diagram is proportional to the pressure in the cylinder 
and its length is proportional to the stroke. The average height of the diagram 
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FIO. 93. THE PRODUCTION OF AN INDICATOR DIAGRAM 
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multiplied by the number of the spring gives the “ Mean Effective Pressure ” 
on the piston during the stroke. A force is operating over a distance, so that 
work is being done. If we multiply the force by the distance we get the amount 
of work done per stroke. If we multiply the work per stroke by the number of 
strokes per unit of time we get the rate at which the work is being done or 
the “ Indicated Horse Power ”. 

The average height of the diagram can be found in two ways, by means of a 
planimeter, or by the mid-ordinate method. If a planimcter is used, its readings 
arc areas and the area of the diagram is work. So that if a number of indicator 
diagrams are taken regularly, the planimcter area can be calibrated for different 
indicator springs to give the work done per stroke direct. The mid-ordinate 
method is illustrated in Fig. 94. The diagram is divided into ten equal strips. 



no. 94. FINDING THE MEAN EFFECTIVE 
PRESSURE BY THE MID-ORDINATE METHOD 

as shown by the broken lines. The height of each strip is then measured off 
at its mid-point, as at a b c d, etc. The average or mean height of the diagram 
is then found by adding the height of the mid-ordinates and dividing by ten. 

If the engine is double acting (and there are few single acting engines in 
use nowadays) it is necessary to take a diagram from each end of the cylinder. 
The two diagrams should be superimposed on the same eard, when they can 
be compared very easily by eye. 

259 . THE INDICATOR DIAGRAM. Fig. 93 shows the way in which a 
normal indicator diagram is obtained. In these diagiams the card is shown as 
being fixed to the crosshead and the pencil arm of the indicator is shown of 
exaggerated length so as to draw a big picture. The diagram is being taken 
from the head, or left hand, end of the cylinder. 

In Fig 93a the piston, travelling to the left, has almost reached the end of the 
stroke and the admission valve has just opened. The steam rushing into the 
cylinder raises the pressure from the admission point A to point B in Fig. 93b. 

Just after the piston has started to move forward the admission valve is full 
open in Fig. 93c and the cylinder pressure rises to a maximum at B'. 

Admission continues until cut-off at C in Fig. 93d. The pressure may drop 
slightly between B' and C because the piston is running away from the steam 
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and the admission valve is closing slightly. The line BG is the “ admission 
line ”, At point C the steam admission is cut off, and the steam expands from 
G to D in Fig. 936. The line GD is the ‘‘ expansion line 

At point D and with piston and valves as shown in Fig. 930, the exhaust 
valve opens and the pressure drops from D to E, in Fig. 93f, the exhaust or 
back pressure. At point E the piston has just started to make its return stroke 
and the exhaust valve is wide open. The line EF is the “ exhaust line 

The exhaust stroke continues to the position shown in Fig. 93g, when the 
exhaust valve closes at point F. This point varies with the engine speed, being 
much earlier with high speed engines than with low speed engines. 

From point F to point A, that is from the piston position shown in Fig. 93g 
to 93a, the valve is closed to both admission and exhaust. The steam remaining 
in the cylinder is compressed thus cushioning the piston and relieving the crank¬ 
shaft of considerable inertia stresses. 


260. TO FIND THE INDICATED HORSE POWER. Indicated horse 
power is the horse power as shown by the force acting on the piston indicated 
on the diagram. It is greater than the real horse power delivered by the shaft 
or flywheel owing to the mechanical losses in the engine. It is, however, not 
nearly so much greater as Watt assumed. 


Gonsider a double-acting engine ; in this case there will be two diagrams 
similar to those shown in Fig. loi. Take the mean height of the two diagrams 
from either end of the cylinder and multiply this height in inches by the spring 
number and we get the mean effective pressure P. Gall the area of the piston A. 
The area of the cross section of the piston rod and tail rod must be deducted 
from the diametral area of the piston to get at the area on which the steam is 
acting. A must be measured in square inches. Gall L the length of the stroke 
in feet and N the number of strokes per minute. Then :— 


I.H.P. 


PLAN 

33,000 


For double acting engines N is twice the speed of the engine in revolutions 
per minute. 


261. INTERPRETATION OF INDICATOR DIAGRAMS. Indicator 
diagrams are useful not only for the purpose of finding the power developed by 
the engine, but they give other very important information, particularly on 
slow speed engines. On high speed engines the indicator can give very queer 
results and no attempt should be made, without expert guidance, to interpret 
high speed indicator cards. 

In the case of a slow running engine the point of cut-off at G in Fig. 93 can 
often be ascertained from the diagram with sufficient accuracy for the purpose 
of estimating the steam taken into the cylinder by the method referred to in 
Section 254. 

The height of the diagram above the atmospheric pressure line during 
admission shows the actual pressure of the steam in the cylinder while the 
admission valve is open. If the admission line B G in Fig. 93 is much below^ 
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boiler pressure it means that steam is being wastefully used—some of the useful 
pressure drop is being dissipated somewhere to no useful purpose. In a well- 
designed engine working at its most economical load with proper steam piping, 
the admission pressure should approach the boiler pressure to within 5 per cent, 
or 10 per cent. Practical experience has shown that valve adjustment, piping 
modifications, etc., which result in higher admission pressures will lead to 
greater economies in the use of steam than almost any other modification that 
can be made to an engine. 

The indicator diagram will often reveal faults that may arise in the operation 
of the valves, excessive cylinder condensation, throttling, leakages, etc. It is, 
however, possible for two defects to occur siiflwltaneously which will not show 
up on the indicator diagram—for example, valve leakage and piston leakage 
occurring together can mask each other. The most usual faults and some other 
points and their manifestations on the diagram will now be discussed. 

262 . DEFECTS REVEALED BY THE INDICATOR DIAGRAM. In 
Figs. 95 to 104 the normal diagram is shown by the full line, and the actual 
diagram that is being criticised is shown as a broken line. 

Fig. 95. Fault outside the engine. 

The broken line shows that cut-off takes place too early, in an engine in 
which the cut-off is controlled by the governor. This occurs when the engine 
is working at a load that is too low for it. The loop is caused by the steam 
expanding down to a pressure well below exhaust pressure. This is negative 
work and has a braking effect on the engine. 

Remedy, Reduce the speed of the engine by using a larger driving pulley 
or a smaller driven pulley, or try to find some extra useful work for the engine 
to do. 



FIG. 95. CUT-OFF TOO EARLY- 
UNDERLOADED ENGINE 



FIG. 96. CUT-OFF TOO LATE- 
OVERLOADED ENGINE 


Fig. 96. Fault outside the engine. 

The broken line shows that cut-off is taking place too late, in an engine in 
which the cut-off is controlled by the governor. This occurs when an engine is 
overloaded for its speed. 

Remedy, Increase the speed of the engine if this is permissible, by using a 
smaller driving pulley or a larger driven pulley, or by transferring some of its 
load to another engine. 
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Fig. 97. Fault outside the engine. 

The broken line shows that the engine is underloaded, in an engine which is 
throttle governed and where the cut-off is fixed. 

Remedy. Set the valve gear to give an earlier cut-off, or decrease the speed 
of the engine by altering the pulley sizes. 



FIG. 97. UNDERLOADED THROTTLE* 
CONTROLLED ENGINE 


FIG. 98. EXCESSIVE CYLINDER 
CONDENSATION 


Fig. g8. Fault outside the engine. 

The broken line shows a rapid fall of pressure at first and then an increase 
of pressure above the normal towards the end of the stroke. This indicates 
excessive initial condensation in the cylinder. The flash from the large amount 
of condensate with the dropping pressure causes the pressure to be unduly high 
as the piston travels along the expansion part of the stroke. 

Remedy. See notes on cylinder condensation, Sections 245 to 248. 



FIG. 99. PISTON OR EXHAUST 
VALVE LEAKAGE 


Fig. 99. Fault in the engine. 

The broken line shows that the pressure falls more rapidly after the point of 
cut-off than in the normal diagram. This indicates leakage past the piston. 

Remedy. Test the cylinder bore and piston for wear and the rings for wear 
or breakage. If the piston, cylinder and rings appear to be in order, the leak 
may be through the exhaust valve. Sec notes on tests without the indicator, 
Sections 266 to 273. 
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Fig. 100. Fault in the engine. 

The broken line showrs that the pressure rises above the normal after cut-off. 
This indicates that the admission valve is continuing to admit steam after it is 
allegedly shut. 

Remedy. Test the valve for leakage. See notes on tests without the indicator. 
Sections 266 to 273. 



FIG. 100. ADMISSION VALVE LEAKAGE 



FIG. 10 1 . ENGINE IN FIRST-CLASS ORDER 


Fig. loi. No faults inside or outside engine. 

This Fig. shows a pair of first-class diagrams for both the in and the out 
strokes on a moderate speed double-acting engine which is in good condition. 



) 


/ 


/ 



FIG. 102 . VALVE SHIFTED ON SPINDLE 
Fig. 102. Fault in the engine. 

This pair of distorted diagrams shows that all the events occur too early at 
one end of the cylinder and too late at the other end. This diagram should be 
studied in conjunction with the distortions shown in Section 264. If the engine 
is fitted with a piston valve or slide valve, this diagram suggests that the valve 
has moved from its correct position on the spindle. 

Remedy. Re-set the valve. Sec Section 273. 


( 6323 'i) 
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Fig. 103. Fault in the engine. 

The pair of diagrams shown in Fig. 103 would be more or less normal in a 
high speed engine, but in a slow speed engine such a diagram would mean 
that all the events occur too early at both ends of the cylinder. This suggests 
that the eccentric is fixed too far forward relative to the crank. 

Remedy, Re-set the eccentric to give the correct valve setting. See 
Section 273. 


t 

V 


\ 


\ 


\ 






FIG. 103. ECCENTRIC TOO FAR FORWARD 

IN SLOW SPEED ENGINE-CORRECT FOR 

HIGH SPEED ENGINE 


FIG. 104. ECCENTRIC TOO FAR 
BEHIND 


Fig. 104. Fault in the engine. 

This diagram shows the exact reverse of the conditions shown in Fig. 103. All 
the events occur too late. This indicates that the eccentric is fixed too far back 
relative to the crank. 

Remedy. Re-set the eccentric to give a correct valve setting. 

Both the foregoing diagrams should be studied in comparison with the 
distortions shown in Section 264. 

The indicator diagram used in the foregoing example*; as a standard is a 
good notional diagram for a moderate speed engine. Diagrams from engines 
in first rate condition can vary greatly in shape. Fig. 105 shows the kind of 
extremes. These diagrams should be compared with Figs. 109 and 117. All 



FIG. 105. TYPICAL GOOD DIAGRAMS 


these diagrams are as good as can be expected from the particular engine, at 
the particular load, at the particular speed. It is impossible to lay down 
dogmatically that the diagram from an engine should have an exact particular 
shape. Only broad indications can be given. Adjustments should be made 
in each engine until the most seemingly ideal diagram is obtained. 
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263 . POSITIVE AND NEGATIVE WORK. The line traced on an indi¬ 
cator diagram is a line of pressure. It shows the pressure acting on the piston 
at all positions along the stroke. From this it follows that all the area below the 
line on the working stroke is positive work, from which must be deducted 
the area below the line on the exhaust stroke. This may seem obvious, as the 
difference between these two areas is the area enclosed by the diagram, but we 




FIG. 106. POSITIVE AND NEGATIVE WORK 

shall see that there can be some very queer diagrams. Fig. io6a shows the 
positive work done, represented by the area below the pressure or working line. 
Fig, 106b shows the negative pressure against which the steam has to work, on 
the exhaust or idle stroke. The net work is the difference between the two and 
of course is the area of the diagram. 

264 . DISTORTIONS, LOOPS AND HOOKS. The ripples shown in 
Fig. 107 are almost certainly caused by water in the pipe between the cylinder 
and the indicator. 


FIG. 107. WATER IN PIPE FIG. I08. GRIT OR FAULT IN MECHANISM. 

The step in Fig. 108 probably means grit or some other obstruction to the 
free movement of pencil or drum. It might be caused by a defect in the cord 
where it passes over the pulley. 

If the kink or step is repeated elsewhere in the diagram a good idea can be 
obtained from its position as to whether the jerky movement is in the pencil 
gear or the card gear. 




( 6 b 233 ) 
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Section 262 dealt briefly with some typical diagrams. Certain peculiar 
points will now be dealt with in greater detail. 




FIG. 109. INSUFFICIENT COMPRESSION 

Fig. 109. No compression. 

Fig. 109a shows a good normal Corliss engine diagram. Fig. 109b shows a 
Corliss diagram where the exhaust valve stays open too long so that there is 
virtually no compr<^ssion. The little shaded area is, it is true, a small power 
gain, but the bearings may be overloaded and the engine may thump. 

Fig. no. Admission too early. 

The admission line A B in Fig. 93 should be vertical—it should be vertical 
in all slow speed engines (except uniflow engines). If the line slopes backwards 
it means that the steam is being admitted too early—that the steam valve is 
opening too soon. This increases the negative work, as the flywheel has to drive 



FIG. no. ADMISSION TOO EARLY 

the piston back against the admission pressure. Fig. noa shows too early an 
admission, and Fig. nob shows an extreme case. The loop is made because 
the piston, driving back against the incoming steam, exerts a higher pressure 
than can the steam when it is pursuing a normally retreating piston. The shaded 
area is lost work. 

Fig. in. Admission too late. 

When admission occurs too late the admission line leans forward as shown 
in Fig. n la. This wastes the useful power area that is shaded. With extremely 
late admission a loop may occur as is shown in Fig. mb. The loop can be 
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due to one of two causes. During compression the steam is heated up because 
work is being done on it. It may now be hotter than the cylinder and will give 
up some heat and may partly condense. ^ If admission docs not occur promptly 



this will cause a drop in pressure and hence a loop. If the compressed steam 
can leak past the piston or out of a valve this will also cause a loop or increase 
the size of a condensation loop. Fig. me and 11 id show two loops that occur 
with very late admission when compression is absent. Lack of compression can 
be due either to faulty valve setting or to leakage. 

Fig. 112. Incorrect release. 

Fig. 112a shows that release is taking place too late. Fig. 112b shows 
release occurring too early. The work wasted is shown by the shading. 



FIG. I 12. INCORRECT RELEASE 



113* Condensation. 

The hook shown in Fig. 113a and more pronouncedly in Fig. 113b almost 
always means excessive initial condensation. As the admission line is vertical 
there is nothing wrong with the setting of the admission valve so that the drop 
in pressure must be due either to condensation or to leakage. 



FIG. 1 13. EXCESSIVE INITIAL CONDENSATION 


Fig. 114. 

Fig. 114a shows a diagram that appears in a number of text books (on engines 
—not figure-skating). What is the area enclosed by the diagram ? This is 
where the positive and negative work comes in. Fig. 114b shows the positive 
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work below the line that is drawn during the working stroke. Fig. 114c shows 
the negative work on the exhaust stroke. These areas are almost identical. 
How then can the engine run ? The author had always thought that the writers 




FIG. 114. 

of the text books were, in Air Force parlance, “ shooting a line ’’ when they 
showed this diagram, until he received from a friend an exact replica, which 
solved the mystery. The friendly diagram was taken from the low pressure 
cylinder of a back pressure compound engine on half load. Clearly such a 
cylinder was cutting no ice and was just a passenger. 

265 . VALVE GEAR CHARACTERISTICS. The indicator shows up very 
nicely the good and bad points of different valve gears, from the thermodynamical 
point of view ; it does not necessarily show up mechanical trouble and heavy 
maintenance. 

Fig. 115 shows the diagrams given by an engine on various loads with an 
ordinary slide valve and plain eccentric gear, with throttle governing. At 
anything below full load the steam is wastcfully reduced in pressure and a large 
amount of this low pressure steam has to be admitted to the cylinder. 

CUT-OFF 



FIG. 1 15. FIXED CUT-OFF, THROTTLE- 
GOVERNED SLIDE VALVE ENGINE 

Fig. 116a shows the enormous improvement obtained with the same type 
of slide valve and eccentric but arranged for cut-off governing. The steam is 
used at its top pressure and much less steam has consequently to be admitted 
for any given load below full load. 
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Fig, 116b shows the additional improvement obtained from trip valves. 
The cut-off is crisp and clean, instead of indeterminate and slovenly. It is 
difficult to determine the exact point of cut-off from a slide valve diagram as 
can be clearly seen in Figs. 115 and i i6a. 


CUT-OFF 
CUT-OFF 
CUT-OFF I 



b 


FIG. I 16. CUT-OFF-GOVERNED ENGINE WITH SLIDE AND TRIP VALVES 



a 


FIG. 11 7. UNIFLOW ENGINE 

Fig. 117 shows the sort of diagram recorded by a Uniflow engine on about 
half and on full load. The virtues of the Uniflow are not really manifest from 
the indicator diagram. Most of the benefit that accrues from the Uniflow 
engine is the small amount of cylinder condensation, and consequently a greater 
amount of expansion can be done in one cylinder. 
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Fig. 118 shows indicator diagrams of a winding engine taken by B. L. Metcalf 
from the first revolution at full admission to the nineteenth revolution when 
the steam was shut off. The characteristics of these indicator diagrams can be 
compared with the various diagrams that have just been considered, and the 
comparison will be found very interesting. 



REV. NO 3 



REV NO 5 



REV. NO 7 



REV NO 17 



REV NO 19 


FIG. 1 18. WINDING ENGINE DIAGRAMS 


266 . TESTS WITHOUT THE INDICATOR. It is often possible to get 
valuable information about the state of the engine without the use of an indi¬ 
cator, or to confirm defects whose existence are suggested l)y the shape of the 
indicator diagram. Much depends on the type of engine. Simple engines are 
easier to test than compound engines. Slow speed engines generally lend them¬ 
selves more readily to such tests than high speed engines. 

The information that is wanted is of three kinds : whether the valves 
leak ; whether the piston leaks ; whether the setting of the valves is the best 
that can be made. The tests are of two kinds : by measurement and inspection ; 
by the use of steam. Measurement is simple and straightforward, but a thorough 
inspection may necessitate the engine’s being out of commission for some time. 
The use of steam is more tricky but is in many ways more satisfactory and gives 
more information (except to the very inexperienced) than measurement and 
inspection. 

Piston and valve leakage are common—^far too common and far too serious. 
Engines should never be allowed to run for years without tests, which should be 
made at regular intervals, say six-monthly. Engines often run for long periods 
with broken piston rings which are unsuspected causes of extravagance and can 
be detected by the simple tests described below. 
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267 * MEASUREMENT And INSPECTION. Valve covers should be 
removed and slide valve bedding tested with feelers or red lead, the valve seat 
face being tested with a straight edge. Piston valves can sometimes be tested by 
removing the covers and using long feelers. Cylinder covers should be taken 
off and the cylinder bores should be gauged at many points on the vertical 
and horizontal diameter all along the stroke to see whether the cylinder has 
become oval or barrel-shaped. It is necessary to draw the pistons to find out 
whether the piston rings are broken. 

268 . STEAM TESTS. It is sometimes inconvenient to carry out the measure¬ 
ments and tests described in Section 267. It may be impossible to put the 
engine out of commission. Even if the measurements and gaugings are carried 
out, a decision as to the amount of wear shown by feelers and gauges can only be 
taken by someone of considerable experience. Feelers will not detect broken 
rings and there may not be an opportunity to lay the engine off for the time 
needed to draw the pistons. By using steam the amount of leakage can be seen, 
but the steam tests must be done with care and intelligence, and must be carried 
out with the engine as hot as possible. 

It is difficult to apply the steam tests to the low or intermediate pressure 
cylinders of compound or multiple expansion engines. If, however, leakage 
is found on the high pressure cylinder, it is not unlikely that the other cylinders 
are leaking too. Anyhow, the engine should be laid off as soon as possible for 
repair to the high pressure end. If inspection shows that the low pressure 
cylinders are in the same condition as the high pressure end, then the same repairs 
will probably be needed by the low pressure parts. 

269 . ADMISSION VALVE LEAKAGE. The engine must be set in such a 
position that the valves are shut, so that no steam sliould enter either end of the 
cylinder. (The high pressure cylinder only of a compound or multiple expan¬ 
sion engine is being considered.) The method of doing this varies with different 
types of engine, 

(^3f) Corliss or drop valve. The movement of these valves can be seen 
and there is no difficulty in setting the engine so that the valves arc 
in the shut position. 

(b) Reversing engines. Set the valve gear in the mid position. 

(c) Plain piston valves. Set the engine so that the valve spindle is in 

the mid position. Find tliis position by marking the valve spindle 
at its extreme points of travel and taking the half-way point. 

(r/) Plain slide valves. As there may be lost motion between the spindle 
and the valve, it is best to remove the valve cover and find the two 
points where the valve is brought to the mid point. Mark these 
points on the flywheel. Replace the cover. 

(e) Engines with more than one high pressure cylinder. Blank off the 
steam inlet to all cylinders except one by means of a slip joint, or 
by removing a branch and fitting a blind flange, or by any other 
suitable means. Then apply the tests to each high pressure 
cylinder in turn taking the appropriate steps as in a, b, c or d above. 
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Under c above the procedure assumes correct valve setting. If there is 
any doubt about the valve setting, it should first be checked as explained in 
Section 273 before doing the leakage tests. 

Having removed the tail pipes from the cylinder drain cocks so that the 
cocks blow into the engine room, set the engine so that the valves are shut. 
Open the cylinder drain cocks. Open the steam stop valve cautiously. If any 
steam comes out of the drain cocks it must have come through a leaky valve. 
If the valve is leaking very seriously it may allow sufficient steam to enter the 
cylinder to move the engine, though this is very unlikely because when the 
valves are shut the crank is almost on dead centre. Any leaks found by this 
test are leaks of live steam past the steam lap edge of the valve. 

270 . HIGH PRESSURE TO EXHAUST LEAKS. With flat slide valves it 
is possible foi steam to leak through the side edge. This will allow steam to pass 
straight from the valve chest to the exhaust port without going into the cylinder. 
Set the engine, as explained in Section 269, in the closed valve position. Break 
an exhaust pipe joint as close to the cylinder as possible. Open the steam stop 
valve. Any steam escaping from the cxliaust port must be leakage. 

271 . EXHAUST VALVE OR PISTON LEAKAGE. Break an exhaust pipe 
joint as near to the cylinder as possible. Set the engine so that the crank is 
I® or 2° past the dead centre. The inlet or admission valve should now be 
definitely open. Admit steam to the engine. In this position the exhaust 
valve on the live end of the cylinder should be closed. If steam comes through 
and out of the broken exhaust pipe on the dead end of the cylinder, either the 
exhaust valve on the live end is leaking or the piston is leaking. 

272 . PISTON LEAKAGE. If any leakage into the exhaust is shown in the 
test just described in Section 271, valve leakage must be distinguished from 
piston leakage. Set the engine at various points, between admission and cut-off, 
along the stroke and open the cylinder drain cock on the exhaust side of the 
piston. Open the stop valve quickly and sharply. The engine will at once 
start, but during the fraction of time before the steam enters the other end of the 
cylinder, watch the open drain cock for blows. If steam blows through the 
cock before the piston reaches the end of the stroke it is almost certain that this 
steam has blown past the piston. 

It is advisable to carry out this test even if the test in Section 271 has not 
shown leaks because the cylinder may be worn in some parts and not at the 
end of the stroke. 

The foregoing tests are not entirely conclusive and they can be greatly 
improved by jamming the engine so that it cannot move. This allows a higher 
pressure to act on possible leaking parts and gives plenty of time for observation 
to be made. Jamming the engine can, however, be dangerous, and under no 
circumstances should it be done without every possible care being taken that 
the jamming “ weapon ” cannot come adrift. Where the fly-wheel has spokes 
and is exposed the engine can be iriost easily jammed by a baulk of timber 
passed between the spokes and so wedged that the engine is fixed in the correct 
position as already described. If the fly-wheel has a solid web it may be possible 
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to wedge a bar in one of the barring holes, but great care must be taken that the 
jamming bar is really tightly wedged in. 

Having carried out these tests on the high pressure cylinder and thus 
knowing its condition, some idea as to the state of the low or intermediate 
pressure cylinders can be obtained by running the engine slowly, under load if 
possible, under steam with all the cylinder drains open. By comparing the 
blows on the low and intermediate cylinders with the blows on the high pressure 
cylinder, making mental reservation for the difference in pressures, some sort of 
an idea may be obtained as to the state of the whole engine. 

273 . VALVE SETTING. The point of admission and the point of cut-off 
can be found by turning the engine degree by degree with the cylinder drain 
cock open on the live end and then opening the steam stop valve after each 
movement of the engine. As soon as steam appear ^ at the cock (assuming that 
there is no serious leakage) this is the point of admission, which should be just 
before dead centre—2° to 3° before with a slow speed engine, up to 8® or 10® 
with a high speed engine. When the engine has been turned to such a position 
that no steam appears at the cock when the stop valve is opened, this gives the 
point of cut-off. 

274 . STEAM TURBINES. The actual steam consumption can easily be 
found from a steam meter. The actual load on a turbine, unless it be an 
electrical load, is just as difficult to estimate as the load on a reciprocator. 
The methods described in Chapter 2 can be used to find the cycle efficiency 
and the probable efficiency ratio. 

The steam turbine can and does deteriorate. Blades get eroded and corroded. 
Blades sometimes get coated with scale from boiler carry-over. Glands, both 
shaft and interstage, can leak unduly. There are simple instrument readings 
which can give quite a fair idea as to the goings on inside a turbine. 

The pressures at all possible points in the turbine should be read at a moment 
when the load (if this is known) is so and so, or at a particular governor opening. 
A scale should always be attached to the governor rod. Then at a given load, 
with standard inlet pressure, the governor opening can be noted. If it is found 
that the governor opening is increasing for a particular load, it means that the 
steam consumption is increasing or that the steam is having difficulty in passing 
through the blading. If the load is not known or even if it is, a particular 
governor opening can be compared with pressure in the nozzle chest, in the 
first wheel chamber and with the exhaust pressure. Fig. 119 shows the 
pressure readings of a 5,000 kW back pressure turbine in the first wheel 
chamber at constant load and constant inlet pressure over a period of 25 days. 
This gradual rise of chamber pressure was interpreted (correctly !) as meaning 
that the reaction blading in the low pressure end of the turbine was building 
up a deposit. An increase of pressure drop across any particular part of a 
turbine means that the steam is finding difficulty in getting through. This 
generally means that the steam passages arc getting constricted due to deposit 
or scale. Erosion or wear will increase the areas for the steam to pass through 
and will therefore tend to cause a reduction in the pressure drop across the 
worn blading. 
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A constant daily or weekly log of pressure readings, quantity readings and 
any other data should be kept and plotted on a chart. It is difficult to see from 
a row of figures that some slow change is occurring, but this is at once visible on 
a chart, whose scales should be small so as to smooth out chance local variation 
and not distract the eye. 



DAYS 

FIG. 119. effect of deposit ON TURBINE BLADING 


A turbine is often spoken of with reverence as a reliable machine which 
needs hardly any maintenance. This is true up to a point. A turbine, once it 
has got ovei its growing pains, will run with remarkable reliability and with the 
minimum of service for years, but when it does need repairing it makes up for 
lost time. Reblading and reglanding are most expensive luxuries. Reglanding 
pays a good dividend. It saves steam and increases the power output. Re¬ 
blading should generally be postponed until it is really necessary. Because 
blades are pitted, eroded, chipped and just look fit for the scrap heap does 
not necessarily mean that reblading must be done. Pages of high grade 
mathematics are used for calculating the exact shape of blade, but blades that 
look like chunks of lava seem often to work just as well as when new. Provided 
there is sufficient metal for strength—and, most important, provided the shroud 
ring is in good condition—it is quite remarkable how well turbines will perform 
in spite of most moth-eaten blades. The frontispiece shows some of the blades 
on the first wheel of the turbine in the author’s factory. Six months after the 
top photograph was taken this turbine, in this condition, was using exactly the 
steam/kWh tendered by the maker (apart from loss due to damaged glands). 

Turbines should not be left unexamined for years. Serious weakening may 
go undetected and the first sign of trouble is a frightful smash. It is a good 
rule to open up a turbine for inspection every two years unless the steam quality 
is completely above suspicion. If there is any doubt as to the steam quality 
the turbine should be examined yearly. 

This book is no place for a description of the theory of turbines, but one 
point can be mentioned. An impulse turbine is a windmill ; a reaction turbine 
is a Catherine wheel. Obviously the first wheel on a turbine must be chiefly 
an unpulse wheel. Reaction is generally more efficient than impulse, and its 
superiority increases with lowered pressures. For this reason the low pressure 
end of a turbine exhausting to condenser is almost always fitted with reaction 
blading, but many back pressure turbines have nothing but impulse stages. 
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It has been found that deposits due to dirty or oily steam form more readily on 
reaction blading than on impulse blading. Impulse blading may therefore be 
preferred for exhaust or mixed pressure turbines taking exhaust steam from 
reciprocating engines. 

275 . THE IMPORTANCE OF VACUUM. In Chapter 2 it was shown wha 
a large gain is obtainable by increasing the vacuum at which an engine or 
turbine exhausts. It was also explained that the effect of vacuum is much more 
important in turbines than in reciprocators. 

Here is a little tabulation constructed from Table X in Section 104. 


ESTIMATED HORSE POWER FROM 10,000 LB. STEAM/hOUR 


INITIAL PRESSURE 


ENGINE 


TURBINE 


1 

i 

20-in. vac. 

1 

15-in. vac. 

20-in. vac. 

15-in. vac. 

100 psi.g. 

453 

441 

573 

471 

150 „ 

506 

490 

660 

507 

200 „ 

541 

521 

633 

549 


It is therefore of great importance that every effort be made to keep up the 
vacuum. B.E.A. Vigers has enunciated a “ profound thermodynamical truth ”, 
‘The vacuum that is obtained on any plant depends on the leaks that are 
permitted.’ Every leak must be found and stopped. The plant should be 
examined at every joint with a lighted taper, which will show up leaks clearly. 

« ♦ ♦ 
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TRAPS 

These but the trappings and the suits of woe, 
SHAKESPEARE. Hamlet. i6oi. 

MOST factory managers and engineers would agree with Hamlet as they 
regard traps as unmitigated nuisances. This is almost entirely the fault of the 
factory maintenance staff or the fault of those responsible for installing the 
traps. There are many kinds of trap. Certain kinds are quite unsuitable for 
certain situations, but to many people a trap is just a trap. This Chapter will 
not deal exhaustively with traps and trapping, because the subject is dealt with, 
with a wealth of most readable detail, in “ Steam Trapping and Air Venting’* 
by L. G. Northcroft, to which the reader is referred, see Section 805. The 
application of traps and some modifications to them are dealt with in the next 
Chapter. 

276 , WHAT A TRAP IS AND DOES. A Steam trap is a device which 
distinguishes between water and steam and automatically opens a valve to 
allow water to pass out but which closes to steam and traps it. Traps are of two 
broad kinds. Those which distinguish water from steam owing to the difference 
in density of the two—these are the mechanical traps ; and tliosc which 
distinguish by means of temperature—these arc the thermostatic or expansion 
traps. This at once gives some clue to the different characteristics and useful¬ 
nesses of the two types. 

Saturated stecirn and the condensate it is forming have the same temperature. 
A steam trap which makes its choice by temperature must impose a delay on 
removing the condensate, because the condensate must cool to below steam 
temperature before the trap can make up its mind that it must open. On the 
face of it this seems to put the thermostatic traps at a great disadvantage. This 
is only tiue up to a point. Thermostatic traps have certain advantages for 
certain applications which will appear in subsequent sections. 

277 . FLOAT TRAPS. There are many designs. All depend on the fact 
that a float will float in water and sink in steam. Wh^n condensate enters the 
trap the float rises and opens the discharge valve. The steam pressure then 
blows the condensate out. The float sinks, or fails to rise further, and a position 
of equilibrium is reached where the condensate is discharged at the same rate 
as it is flowing into the trap. 

Such a trap is shown in Fig. 120. (None of the traps here illustrated are 
intended to represent commercial designs. They are figments of the author’s.) 
The float lever A is connected to the valve arm B by means of the toggle link C. 
The three levers are so arranged as to give a small movement to the valve for 
a large movement of the float when the trap is nearly empty, whereas the fuller 
it gets and the higher the float rises the more rapidly does the valve open. 

It will be seen that the whole mechanism is accessible without interfering 
with the assembly of the trap to the piping, and that the valve and its seat can 
be renewed by simply removing the casing. This would seem at first sight to 
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be an admirable design feature for any trap. There is, however, something to 
be said for those designs in which the trap must be removed from the pipe line 
before the trap can be opened]]up. >.This point is discussed in Section 284. 



278 , LIMITED DISCHARGE CAPACITY OF DIRECT-ACTING TRAPS. 

There are certain limitation^ to this simple float trap as there arc to all direct- 
acting mechanical lra]’»>. 'rhe valve must be small, or the float will not have 
suflic’ent buoyancy fore c to open it. If the area of the valve were • 5 sq. in. and 
if theic were a pressure inside the trap of 40 psi.g. the float would have to exert 
a buc^yancy force of 20 pounds on tiic valve to open it. In Fig. 120 the float 
level lias a leverage bc'twccn float and toggle pin of about 8 to i. This reduces 
the liuoyancy force lecjuired of the iioat to 2*5 pounds. The toggle has a 
mechanical advantage of <cl)out 3 to 1, so that a buoyancy force of less than 
I pound acting on the float will opcni the valve. Now i cu. ft. of water weighs 
62*3 lb. Therefore a displacement of *016 cu. ft. or 27'6 cu. in. will exert a 
buoyancy force of t pound. The volume of a 5 in. ball is 65*6 cu. in. If we 
assume that the weight of the float and lever is such that the float floats half 
submerged, complete immersion of a 5 in. float will give slightly more than 
I pound of lift. If such a trap were fitted to a steam system working at 60 psi.g. 
the buoyancy would never be sufficient to open the valve—the trap could not 
work. Nevertheless the trap would be blamed instead of the clever engineer 
who fitted a trap that could never possibly work. 

There is therefore a definite limit to the size of the valve seat on a float 
trap. The buoyancy force of the float must be sufficient to open the valve, and 
the higher the working pressure the larger must the float be or the smaller the 
valve. The float cannot be increased in size with impunity ; large floats 
are liable to collapse. If they arc made strong enough to resist collapse they 
become heavy and lose their buoyancy. There is therefore a definite limit to 
the valve size and discharge capacity of any direct-acting float trap. The 
buoyancy relative to the valve area fixes the maximum pressure at which the 
trap can work, and the valve area and the pressure drop across the valve 
fixes the maximum discharge capacity. 
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In some traps, where the valve seat is insufficiently hardened, the constant 
hammering of the valve so enlarges the seat that the buoyancy force of the 
float is insufficient to open the valve against the steam pressure. At a certain 
point in its life such a soft-valve-seated trap will just lock shut. 

279 . TRIP ACTION FLOAT TRAPS. The direct-acting float trap illus¬ 
trated in Fig. 1120 will discharge condensate continuously at the rate at which it 
is reaching the trap. Every particular float level corresponds to a particular 
valve opening which corresponds to a particular discharge rate at a particular 
pressure. This means that at very low outputs the valve will be cracked open. 
Valves do not stand up well to cracked-open working. Although theoretically a 
plain float trap should always operate continuously, in practice it often operates 
intermittently on very small loads. This is due to the instability of the valve 
at very small openings. The least disturbance may cause the valve to shut and 
before it can open again the full buoyancy force of the float is needed. This 
intermittent action of a float trap can only take place at low outputs and is 
beneficial as it protects the valve and seat from cracked-open working. For 
conditions where the trap may be working on very low flow rates, yet may 
occasionally have to pass large amounts of condensate, there are traps in which 
the float, when it has risen a considerable distance, trips the valve open. The 
trap then discharges full bore, the float drops and trips the valve shut. 

Fig. 121 shows a trip action float trap. Fig. I2ia shows the general arrange¬ 
ment and Figs. i2ib, c and d, show the mechanism immediately before or after 
tripping. The float lever A, the quadrant B and the valve bell-crank C are all 
pivoted independently on the pin D. Pivoted at E are the two weighted pawls 
F and G. In Fig. I2ia the trap has just emptied and tripped into the shut 
position. The valve K is held shut by the weight on the bell-crank C, and by 
the steam pressure. The quadrant B is held in the position shown by the pawl F. 
In Fig. I2ib the trap has filled with condensate and the float has risen so that 
the float lever A is beaiing against the weighted end of pawl F. In Fig. 12ic 
the rising float lever A has tripped the pawl F out of engagement with the 
quadrant B. The quadrant weight W drops and the quadrant pin H knocks 
the valve open. The steam pressure blows the condensate out of the trap anjd 
the float drops. Pin L on the float lever A engages the bottom of the quadrant 
slot and lifts the quadrant weight W to the position shown in Fig. 12id. The 
quadrant weight W is now bearing against the weighted end of pawl G. In 
Fig. I2ia the float has dropped sufficiently to cause the quadrant weight to lift 
pawl G and allow valve bell-crank C to shut due to the weight on the bell-crank. 
The cycle is now ready to start again. 

One of the advantages of this type of trap (or in fact any trap with an 
intermittent discharge) is that it can be heard operating. The fact that it is 
known to be working does not necessarily mean that it is not leaking and perhaps 
blowing steam, but it does mean that it is getting rid of the condensate. The 
knowledge that the trap is working is of great importance, because traps are 
so often distrusted and byepassed on the least provocation. The disadvantage of 
intermittent discharge is that the flash steam produced from the condensate 
appears in short sharp puffs which may be difficult to collect and use. The noise 
made by an intermittently discharging trap may sometimes be disadvantageous, 
e.g., in a hospital. 
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The principal application of trip action float traps is where the output to 
be handled fluctuates widely, and where the plant may be tilted or swung 
about, as on board ship. The operation of direct-acting float traps, or of the 
bucket traps about to be described, may be upset by movement. The trip 
action float trap is well suited to ship board conditions because the valve must 
either be wide open or tight shut—it cannot vacillate. These traps are, however, 
expensive and have a lot of mechanism that can wear and go wrong. Their 
maintenance is rather heavy. 



FIG. 12 1. TRIP ACTION FLOAT TRAP 


280 . BUOYANCY OF FLOATS. In some types of trap the float is heavier 
than water ; it would, in fact, not float. Actually the weight of the float 
does not matter ; it can be counterbalanced, by weight or by spring. The 
buoyancy force acting on the float is quite independant of the weight of the 
float ; the force depends only on the volume of the float, its amount of immersion 
and the density of the displaced liquid. The buoyancy force is equal to the 
weight of liquid displaced by the float. Suppose we have a float whose volume 
is equal in capacity to one gallon. The amount of water that this float can 
displace is one gallon, and one gallon of water weighs i o pounds. The buoyancy 
force acting on this float when completely submerged will be 10 pounds. If 
the float is made of sheet copper it may weigh 3 pounds. In that case the force 
acting on it when it is submerged will be the weight of its own volume of water— 
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10 lb.—^minus its own weight—3 lb. So that the net lift will be 7 pounds. If 
we made our float the same size but of solid lead it would weigh 114 lb. If 
it was counterbalanced with a weight of 111 lb. it would have a net weight of 
3 pounds and the net buoyancy effect would still be 7 pounds, so that it would 
work just as well as the light hollow float, except that the whole thing would be 
nearly 80 times as heavy and therefore be more cumbersome and less sensitive. 
The great advantage of using a solid float is that it cannot puncture or collapse. 
When a hollow float gets water inside it the balance of forces is upset. It still 
has the same buoyancy force acting on it but it needs counterbalancing. The 
most reliable kind of float is a solid float made of very light material so that the 
whole apparatus connected to it can be light and sensitive. Some traps have 
floats made of solid aluminium. A solid aluminium float whose volume is such 
as to displace a gallon weighs only 26 lb. (See Section 292.) 

281 . WATER DENSITY VARIATION. Water, like other things, expands 
as it gets hotter. Cold water weighs 10 lb. per gallon ; water at 316° F., the 
temperature of 70 ps’i.g. steam, only weighs g\ lb. per gallon ; water at a 
temperature of 497° F., the tempciature of 650 psi.g. steam, weighs 8 lb. per 
gallon. So this reduction in the density of water imposes yet another limitation 
on the use of float traps for high pressure. The float must be extra buoyant to 
work correctly in the light ” high temperature water. 

282 . AIR DISCHARGE FROM FLOAT TRAPS. No float trap, unless 
provided with a special device, will discharge air or other incondensible gas. 
At the start-up of any plant all the iiisidt^ of the lieating surface is full of air, 
and this air must Ije cleared out bcfuic full use (an be made of the heating 
surface. Air and/or is present in even the best steam and finds its way 
eventually into the trap unless means arc provided to remove it. When the 
trap gets full of air the condensate is unable to get in and the tiap goes out of 
action. The trap is blamed and byepassed, when the fault lies with the pLint 
designer who has made inadequate provision for the removal of air. The 
removal of air is sucli a big and important subject that it will have a chapter 
to itself, and the removal of air will only be mentioned in ])assing when discussing 
the characteristics of various kinds of trap. 

283 . OPEN BUCKET TRAPS. Fig. 122 shows an Open bucket trap—there 
are many designs, but all work on the same piinciple. Condensate enters 
at A. It fills up the liody of the trap. I’lie l)uckct B, pivoted at C, floats in 
the rising condensate until the valve D closes on the seating E. The buoyancy 
of the bucket clearly provides the valve-closing force in this type of trap. When 
the valve is closed, the bucket can rise no more, so the rising condensate even¬ 
tually reaches the level of the bucket top and runs over into the bucket. 
When sufficient water has got into the bucket to overcome its buoyancy and the 
force of the steam that is holding the valve shut, the bucket drops and opens 
the valve. The steam pressure blows the condensate out of the bucket up and 
out of the discharge pipe until the bucket is sufficiently buoyant to float again. 
The bucket then rises to the position shown in Fig. 122 and closes the valve ; 
the cycle then recommences. The bTjoyancy of the bucket is so arranged that 
the bucket never empties completely thus maintaining a water seal between 
the valve pipe and the bucket so that steam cannot blow through. The action 
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of an open bucket trap must be intermittent. This type of trap is therefore 
not suitable for application where it is important that there should be a con¬ 
tinuous discharge. 

The closing force on this trap is the buoyancy of the bucket. The opening 
force is the weight of the bucket. When the bucket is full, buoyancy disappears 
and the whole of the weight of the bucket is available to open the valve against 
the steam pressure holding the valve shut. It is not so easy with this type of 
trap to arrange for large leverage between bucket movement and valve move¬ 
ment. This means that if the trap is to handle large outputs it must be 
very large. 



FIG. 122 . OPEN BtTCKFT TRAP 


The open bucket trap has the following characteristics. There is no possi¬ 
bility of the bucket collapsing. There is less chance of the bucket leaking than 
there is of a float leaking. Unless the leak in the bucket is quite large the trap 
will continue to work. If however the leak gets very large the bucket may not 
rise to close the valve. If a leak is present the tra]) will operate more frequently 
than when in normal condition. If, on 1101 mal load, the period of the trap 
action is noted and it is subsequently seen to be working on a shorter cycle, 
a leaking bucket should be suspected. The frequency of operation should 
always be observed at some constant pressure. A lower pressure will allow 
the trap to operate more frequently as the force holding the valve shut is smaller 
and can consequently be overcome by less load in the bucket. The bucket 
cannot collapse and there is consequently no limit to the pressure at which an 
open bucket trap can work except that imposed by valve-area-times-pressure 
and bucket weight. The bucket trap is more robust than the float trap. The 
fact that the discharge is intermittent has the advantage that it can be heard 
operating, but flash steam is more difficult to collect and use. 

In both the float and open bucket traps two forces are used ; the buoyancy 
of the buoyant member and the weight of the buoyant member. Ruggedness 
and reliability demand that the weight be large and the buoyancy small. Now 
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in a float trap it is the buoyancy that opens the valve and the weight that 
closes it. In an open bucket trap it is the weight that opens the valve and the 
buoyancy that closes it. This possibly gives the bucket trap an advantage, but 
just like the float trap there is a pressure above which any bucket trap cannot 
work. Take Fig. 122. If the valve has an area of • 25 sq. in. and the mechanical 
advantage of the bucket on the valve is 2 to i it means that at a pressure of 
8 times the weight of the bucket, the bucket will not be heavy enough to open 
the valve. At 120 psi.g. there will be a pressure of 30 lb. on the valve. If the 
mechanical advantage of the bucket is 2, the weight of the bucket necessary 
to open the valve will be 15 lb. If the bucket weighs only 12 lb. the trap cannot 
work at 120 psi. 

Before a bucket trap is set to work it should be filled with water to ensure 
that the bucket floats, and to seal the outlet. 

Like float traps, open bucket traps can get locked with air unless some means 
are taken to remove any air or other incondensible gas. 

284 . INVERTED BUCKET TRAPS. Fig. 123 shows an inverted bucket 
trap. Condensate enters through the lower connection and through the up¬ 
turned pipe A that projects into the inside of the inverted bucket. Any air 
that is trapped inside the bucket B escapes through the small leak hole C. The 
condensate accumulates inside the trap body and inside the bucket. Provided 
the condensate is entering fairly fast the leak hole will be inadequate to even 
out the pressure inside and outside the bucket so that the water level will rise 
faster outside the bucket than inside. This gives the float buoyancy and keeps 
the valve shut. As the condensate accumulates, it fills up outside the bucket and, 
as fast as the leak will allow, the water rises inside the bucket. When sufficient 
water has risen inside the bucket, its buoyancy disappears and the weight of 
the bucket opens the valve. The steam pressure then blows the water out from 
inside the bucket and round outside and through the outlet. As soon as sufficient 
water has been blown out of the bucket, its buoyancy is restored, it rises and 
closes the valve, leaving the trap in the position shown in Fig. 123. Now it is 
clear that the bucket would retain its buoyancy unless the steam and/or air 
inside the bucket could escape. Air escapes through the leak hole and is 
eventually discharged with the condensate. Steam escapes through the leak 
and is condensed in the body of the trap. During discharge steam blows straight 
through the leak hole out of the discharge, but the quantity so lost is so small 
as to be of little importance. 

The valve opening force is the weight of the bucket, as in the open bucket 
type. The valve closing force is the buoyancy of the bucket. 

The inverted bucket trap has several very real advantages. It is very 
robust, simple and reliable. It will operate under conditions of movement, for 
example on ship board. It can be made extremely small and light—see Fig. 124. 
It will vent air quite sufficiently to ensure that plant never gets air locked, 
though it may not remove air sufficiently quickly to be satisfactory on plant 
working intermittently on very short cycles, for example some hemispherical 
boiling pans. 

A trap such as is shown in Fig. 124 cannot be opened up without taking 
it out of the pipe line. Small inverted bucket traps are made so that the cover 
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can be removed without disturbing the piping. This however calls for small 
tortuous passages cored in the trap body, and the blockage of these passages 
may be more tiresome than the removal of the trap from the line. 

The inverted bucket trap has some disadvantages. It must always waste a 
little steam. During discharge the bucket leak is discharging steam to its full 
capacity. During water accumulation steam must be allowed to condense in 
the top of the trap in order to allow the bucket to vent air and thus permit it 
to fill with water. If the bucket vent gets blocked, the trap locks shut. 



FIG. 123. INVERTED BUCKET TRAP 


FIG. 124. SMALL 
INVERTED BUCKET 
TRAP 



It is possible, under certain exceptional circumstances, for an inverted 
bucket trap to lose its water seal. If, for example, it is used for draining a steam 
pipe carrying highly superheated steam, it is possible, once the system is up to 
temperature, for the water in the trap to be evaporated, when the trap will blow 
steam full bore and cannot reseal itself and will have no desire to close. When 
inverted bucket traps are used in such circumstances it may be desirable to 
connect them to the plant by a length of unlagged pipe. It also occasionally 
happens that the water seal is broken by reflux action. This is particularly 
likely if the trap has to be fitted above the plant it is draining. In most circum¬ 
stances a non-return valve should be fitted between the trap and the plant it is 
draining. 

Although in theory an inverted bucket trap should always work inter¬ 
mittently except when.on full load, in practice a continuous discharge often 
takes place. There is no harm in this at low pressures, but at high pressures it 
is undesirable as valve or seat may be scored. The continuous action may be 
due to the trap or valve parts being incorrectly sized for the pressure and load 
under which it is working. 
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An inverted bucket trap must not be completely lagged. The top should 
be left bare in order to condense the steam that must be leaked off the bucket. 
The sides and bottom can be lagged. 

Before an inverted bucket trap is set to work it should be filled with water 
to provide a seal. 

285 . THERMOSTATIC OR EXPANSION TRAPS. These traps dis¬ 
tinguish between water and steam by the fact that water can be cooler than 
steam under the same pressure. It follows that they can never discharge 
condensate immediately it is formed. From this it follows that unless they are 
fitted to plant where the heated material can absorb some of the sensible heat, 
heat mast be deliberately got rid of in order to cool the condensate to a point 
where the trap can make its choice. 

They have, however, several great advantages. They are very small and 
light. They remove air with great readiness. They can, with one exception, 
withstand water hammer ^vithoiit injury. They arc open and empty when 
the plant is shut down and arc not therefore liable to damage by frost. They 
can work at any pressure however high because there is no inherent limitation 
as in the case of the buoyancy traps. They can work in conditions of movement 
and vibration that may be unsuitable for the mechanical traps. They are 
unsuitable for handling very large quantities of condensate, and they cannot 
discharge condensate a» -^team temperature. 

286 . METALLIC EXPANSION TRAPS. Fig. 125 shows a design of metallic 
expansion trap. Condensate enters the tube A and flows out past the valve C. 
The tube A is made of copper which expands considerably more than 
the iron body B. When the tube A expands it closes the opening at C by moving 
towards C. The valve G is pressed towards the tube A by the Spring E. The 



two nuts D allow adjustment to be made so that the valve shuts tight at any 
desired temperature. The spring E allows the valve to be pressed back by 
undue expansion of tube A should the trap be fitted to a line where the tem¬ 
perature is higher than that for which the valve is set, or in case superheated 
steam reaches the trap. 

The trap is very robust and simple, but, unless it is very large, its rate of 
discharge is small. 

This trap is a pure thermostat. It opens at a certain (adjustable) temperature 
which must be quite definitely below steam temperature. The discharge is 
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irregular—it is neither truly continuous or properly intermittent. It is wide 
open at the start up and will therefore clear the system of air rapidly and 
effectively. 

287 . LIQUID EXPANSION TRAPS. Fig. 126 shows a liquid expansion 
trap. Liquids expand more than solids for a given rise of temperature, so that, 
by using a liquid, it is possible to get quite a fair valve movement by direct 
expansion. A liquid expansion trap can therefore be smaller than a metallic 
expansion traj^. The tube A is filled with a suitable liquid—probably oil of 
some kind. One end of tube A is brazed into the cap B which carries a screw 
by which adjustment is made. The other end of the tube is brazed into another 
cap C which is brazed to the corrugated bellows tul^e D. The other end of the 
bellows tube is brazed to the piston E. The bellows tube D acts as a leak-proof 
gland between the liquid tube A and tlic piston rod E. The end of the piston 
rod is screwed into the valve G. When the liquid gets heated its expansion 
pushes out the piston and closes the valve. 



FIG. 126. LIQUID EXPANSION TRAP 


The temperature at which the trap closes can be adjusted by screwing the 
nut H, after loosening the lock-nut I, This alters the length of the expansion 
unit and so adjusts the amount by which the piston must move to close the 
valve. I'he adjustment nut H is pressed tight against the body of the trap 
by the heavy spring J. If the trap is overheated, continued expansion after 
the valve has closed will push the expansion unit back against the spring J 
and thus protect the trap from damage. Safety precautions of this sort are 
necessary in both liquid and metallic expansion traps. The expansion force 
is lo all intents and purposes irresistible. If the trap \vere adjusted to close at 
saturation tempeiature and by some chance superheated steam were to reach 
the trap there would be nowhere for the expansion to go were there no safety 
spring. Even if superheated steam did not reac h the trap there may well be 
conditions where extra expansion takes place. It takes some little while for 
the element to get up to temperature. If the trap is not to pass steam while 
acquiring extra heat, it must be set to close before it has been completely 
heated up. After the valve has closed the clement wall still go on absorbing 
heat and will continue to expand. 

This trap is a pure thermostat. It opens and closes at a certain (adjustable) 
temperature. The discharge temperature must l^e well below steam tem¬ 
perature. It is wide open when cold, and discharges air freely and efficiently. 
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It is robust and will withstand water hammer. It can be made suitable for any 
pressure. It is somewhat sluggish in response and is not made in sizes to handle 
very large quantities. 

Traps of the metallic or liquid expansion types can be fitted so that the 
expansion element is either on the outlet or the inlet side. If it is fitted with the 
element on the outlet side a little steam will continually be allowed to pass. 
This steam will keep the element warm and close the valve. If the element is 
downstream of the valve the steam pressure is available to help to open the 
valve ; this may sometimes be advantageous. 

288 . BALANCED PRESSURE EXPANSION TRAPS. Although these 
traps operate by thermal expansion, they work on a totally different principle 
to the last two types. Fig. 127 shows a balanced pressure expansion trap. The 
expansion element A consists of one or more capsules or bellows. These are 
filled with a liquid (for example, a mixture of water and alcohol) that boils at 
a temperature lower than water. When the element is heated, the liquid 
inside it boils, part of it vaporises and the element expands and so closes the 



FIG. 127. BALANCED PRESSURE EXPANSION TRAP 


valve B. Although the boiling distends the bellows due to the increase of 
pressure inside the element, this internal pressure is opposed by the pressure 
outside. Suppose the trap is used on much higher pressure condensate. The 
boiling liquid inside it will exert a much higher pressure, but this is opposed by 
the much higher pressure acting on the outside. There is thus a constant 
expansion movement at all pressures and the amount of this movement is 
fixed by the boiling point of the liquid inside the element compared to that of 
water. At very high pressures the pressure inside the element is very high, but, 
although the element is very fragile, this does not matter because the element is 
prevented from bursting by the very high pressure outside. 

In the design shown in Fig. 127 nuts G and D are provided for adjustment, 
and spring E makes some provision for preventing damage to the element due 
to overheating at too low a pressure. 
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If superheated steam reaches the element the whole balance of forces is 
upset. The liquid inside boils vigorously and expands greatly with high internal 
pressure which is not balanced by a high external pressure. Balanced pressure 
traps must never be used where there is any possibility of superheated steam 
reaching them. The bellows or capsule is thin and fragile and cannot withstand 
corrosion, so these traps must not be used where the steam has any corrosive 
properties. The fragile element will not stand up to the shock of water hammer 
and must not be used where water hammer is a possibility. 

The discharge from these traps is irregular. It is not inherently intermittent, 
but there is a lag while the liquid is taking or giving up heat which causes the 
discharge to be semi-continuous. 

The trap will open whenever it is in contact with anything that is cooler 
than condensate at the pressure at which the plant is working. It will therefore 
pass air whenever the air has cooled to below steam temperature. Balanced 
pressure traps are particularly suitable for use as automatic air vents as they 
are more responsive than liquid expansion traps. Balanced pressure traps 
arc very light, small and cheap. They are not suitable for handling large 
quantities. 

289. RELAY TRAPS. The foregoing consideration of the various kinds of 
direct-acting traps has shown that no trap has so far been described suitable 
for handling very large amounts of condensate, especially at high pressure. 
The float and bucket traps are limited by the valve area and weight or 
buoyancy of the float or bucket. The thermostatic traps will not handle 
condensate at steam temperature, although they have the inherent quality 
of an almost limitless force with which to work the valve. For passing large 
quantities of hot condensate at high pressures relay operated traps are 
almost essential. There are three types of relay trap :— 

(a) The self-contained, steam-operated relay traps. 

(b) The pilot trap. 

(c) The servo-operated traps 

290. SELF-CONTAINED STEAM-OPERATED RELAY TRAPS. Fig. 
128 shows a design of lever float relay trap of the self-contained type. When the 
float rises it opens the valve A and admits steam behind the piston B. The 
piston B being bigger in area than the water valve G will open the water valve 
and allow the condensate to be blown out. This design calls for a float of 
only sufficient buoyancy to open the very small valve A which can impulse 
the water valve C which can be of any size desired. There is, of course, an 
upper limit. At high pressure a more buoyant float will be needed to open 
valve A but valve A can be smaller at higher pressures, so that the limit is very 
high indeed. 

Unless there is appreciable leakage past the piston this trap will give 
intermittent discharge. If there is moderate piston leakage the trap will work 
continuously, with a continuous waste of steam equal to the leakage. If the 
piston leak is serious the trap will not work. 
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If the piston leaks, the trap will discharge air. If the piston is tight it will 
not. 

If the valve A is fitted below the water level, the trap becomes hydraulically 
operated, will waste no steam and should work continuously. Unless the piston 
leaks the valve C will not close after valve A has closed. To ensure satisfactory 
operation as an hydraulic trap a pin hole should be drilled in the piston. 

Any of the mechanical traps, float, open bucket or inverted bucket will 
work as relay traps if suitably designed. 



FIG. 128. SELF-CONTAINED STEAM OPERATED RELAY TRAP 

291 . PILOT TRAPS. If a small float trap A is connected up as shown in 
Fig. 129. it works as follows. The amount of condensate discharged by the 
small trap varies with the height of the float. The condensate thus discharged 
goes into the operating cylinder B of the main valve C. A leak-off D from 
cylinder B causes the main valve to tend to shut during low discharge periods. 
By making the leak off adjustable and connecting the adjustment to the main 
valve G it is possible to make the trap discharge quite continuously and evenly. 
The connection between valve C and the leak-adjusting valve E provides 
complete compensation. (Compensation is a necessary part of all automatic 
controls, and is discussed in Section 527.) 

292 . SERVO-IMPULSED TRAPS. Fig. 130 shows a large trap capable 
of handling 200,000 lb. of condensate per hour at 70 psi.g. pressure and dis¬ 
charging it into a flash tank at 15 psi.g. The vessel A is a reservoir or condensate 
receiver. At some suitable level, say two-thirds up, a small steel bottle B is 
connected to the vessel A by the two flexible pipes G. The bottle is suspended 
by the spring D, and actuates the hydraulic impulse valve E. Pressure is thus 
applied to the hydraulic cylinder F which opens or closes the condensate dis¬ 
charge valve G. When the hydraulic pressure is released the weight H closes 
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the valve G, Compensation is provided by the main valve G adjusting the 
tension of the spring D. Two traps of this design are in operation in the author’s 
factory and handle almost the whole of the process condensate. (The method 
by which one large trap can satisfactorily handle condensate from a number of 
vessels working at different pressures is dealt with in Section 305.) 



FIG. 129. PILOT TRAP 

Another design of servo-trap is shown in Fig. 131. The trap is a float trap 
with a solid aluminium float A. The need for a gland is obviated by the use 
of the corrugated bellows tube B. The solid float is counterbalanced by spring 
D. The float lever operates the hydraulic impulse valve C which works the 
main condensate discharge valve. Four such traps, each capable of handling 
50,000 lb. of condensate per hour at 250 psi, are in use in the author’s factory. 
No compensation is provided; the trap body is much too small for the amount of 
throughput; the traps work intermittently and hunt badly. 
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293 . PUMPING OR LIFTING TRAPS. Where condensate has to be lifted 
to a higher level, this can often be done by an ordinary trap, which uses the 
steam pressure, inside the heating surface that is being drained, to raise the 
condensate. There are many disadvantages attendant on this practice which, 
although very wide-spread, is generally to be deprecated. Some of these 
disadvantages have already been dealt with in connection with the drainage of 
steam mains in Section 190 and will be dealt with in connection with the U tube 
in Section 309. Condensate, in a well-arranged plant often reaches the hot 
well at such a high temperature that the boiler feed pumps cannot handle it. 
(See Table XLIV.) 



If the boiler feed pump supply tank is raised, the pump can then handle the 
hot condensate satisfactorily. Condensate at high temperature can be lifted very 
well by means of pumping ” or “ lifting ” traps. These machines are not 
really traps at all. They are pistonless pumps and are more akin to the 
** monte-jus’’ well known to the sugar industry. 
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The reason why a pumping trap can handle condensate that cannot be 
pumped mechanically is that there is no “ suction at the inlet of a pumping 
trap. The condensate, however hot, flows in by gravity. In any mechanical 
pump there is always some reduction of pressure at the pump suction. This 
causes flash which fills the pump with steam instead of water. 



I 


FIG. 13I. LARGE TRAP WITH RELAY 
OPERATED BY SOLID ALUMINIUM FLOAT 


Fig. 132 shows such a pumping trap. It is essentially a trip action float 
trap as regards its mechanism, similar to the trap shown in Fig. 121, but the 
mechanism trips two valves instead of one. The inlet and outlet pipes are 
fitted with non-return valves. The trip mechanism instead of opening a water 
discharge valve trips a steam inlet and a steam exhaust valve. In the position 
shown in Fig. 132 the condensate runs into the trap by gravity but cannot get 
out because the outlet non-return valve is held closed by the back-pressure in 
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the condensate rising pipe. When the float rises sufficiently to trip the 
mechanism, the steam exhaust valve shuts and the steam inlet valve opens. 
Steam pressure (any suitable pressure) closes the inlet non-retum valve, opens 
the discharge non-return valve and blows the condensate through the outlet. 
When the condensate has been discharged the float drops, trips the 
mechanism and the steam is blown off through the steam exhaust valve. As 
soon as the trap has blown off its pressure the condensate can again flow into 
the trap. 


t f 



The steam consumption of such a trap must be at least equal to the 
condensate in volume, plus any steam condensed by radiation or condensed in 
the condensate. The exhaust steam from such a trap should be piped through 
a coil in the high or low condensate tanks or can be led to a spray condenser or 
used in a very low pressure main. It is probable that the real steam consumption 
of such a trap is about four times the volume of the condensate handled. 
Provided the exhaust steam is used, the efficiency is high ; the only loss is that 
due to radiation. If, however, the exhaust is blown to atmosphere, the efficiency 
cannot be more than that of a direct acting pump and may be much worse. 
See Section ii6 and Fig. 36. If the trap is pumping against a head of 45 ft. 
the pressure inside the trap will probably be about 25 psi.g. At this pressure 
the volume of steam is about 600 times that of water. So we can expect that 
I lb. of steam will lift between 150 and 300 lb. of condensate 45 ft. 

A trap of this kind can be used to remove condensate from a heating surface 
working under vacuum where there is insufficient headroom to instal a baro¬ 
metric leg and atmospheric tank—see Section 308. In order that the condensate 
may run in freely, the pressure inside the trap during the filling part of the cycle 
must be the same as that in the heating surface. This is achieved by connecting 
the exhaust of the trap to the heating surface. This is bad from an entropy- 
increase point of view, but is the only practical solution so far as the author is 
aware. The arrangement is shown in Fig. 133. The pumping trap and the 
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barometric leg, Section 308, are not the only two choices for the removal of 
vacuum condensate. The Edwards pump and special centrifugal pumps can 
be and are being used. 

294 . SELECTION OF TRAPS. It is hoped that the descriptions of the 
various kinds of traps, their peculiar properties, good qualities and limitations 
will have dispelled the idea that a trap is just a trap. Every different kind of 
trap has certain qualities that make it particularly suitable for application to a 
particular type of installation. The choice of steam trap deserves just as much 
care as does the choosing of a good dinner or a gift to one’s beloved. Table XLIII 
gives a summary of the characteristics of the various kinds of traps with some 
indication of their limitations and applications. 



Some guidance can be given. Wherever condensate must be removed 
instantly at steam temperature a mechanical trap must be used. Unless 
continuous discharge is desirable a bucket trap may be better than a float trap 
as it has no float to puncture and waterlog. Unless great quantities of air 
must be vented quickly the inverted bucket trap will get rid of moderate 
quantities of air quite quic:kl)' enough for most applications and thus eliminates 
the need for separate air vents. When the plant to be drained gives an 
extremely small condensate flow there is probably no mechanical trap small 
enough to be properly loaded. In such cases an expansion trap should be 
used. If a thermostatic trap is used where plant must be drained instantly the 
trap should be connected to the plant by a length of unlagged pipe. When 
sensible heat can be usefully taken from the condensate, as in any oversize 
air heater, a thermostatic trap is essential. Where great quantities of air 
must be quickly removed from a small plant, a thermostatic trap is almost 
a sine qua non. 
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• These arc not strictly traps , the> arc piping sv nigh's which renlace traps—see Chapter 9 . 
t The water sealing the trap may, lo exceptional cases be evanorated—see Section 2 M. 
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All types of trap have not been described. There are, for example, the 
labyrinth traps and those float traps where the float is not under pressure. 
The former are simply slight improvements on an open but constricted discharge. 
The latter cannot be used for discharging condensate above their own level, 
and as they have their valve on the plant side of the float the float cannot 
distinguish between water and steam until the valve has opened ; consequently 
such traps will waste a little steam. 

295 . AIR LOCKING AND STEAM LOCKING. If a trap fills with air 
which cannot escape, clearly it cannot act properly. There are only two 
types of trap that have the inherent property of removing air. The expansion 
trap will remove an unlimited amount of air. The inverted bucket traps will 
remove moderate amounts of air. The removal of air from heating surfaces, 
condensate systems and traps is dealt with in Chapter 10. 

No trap, however good and willing, can remove condensate if the condensate 
cannot freely reach it. There is a condition, which is pretty frequently met, 
where steam can act as plug between the plant to be drained and the trap, 
and, until this steam is condensed, no condensate can reach the trap. It is 
also possible, where more than one vessel is connected to one trap, for unbalanced 
pressures in the condensate pipes to prevent the condensate from one of the 
vessels reaching the trap. In all these cases, only too often, the trap is blamed, 
whereas it is really innocent ; it is the lay-out that is wrong. Steam locking and 
group trapping are dealt with in the next Chapter when discussing condensate 
handling. 

296 . FROST. Traps are often fitted outside buildings in alleys and sumps 
and other horrible places. During periods of shut-down the trap may freeze 
and get damaged. When the plant is shut down the steam condenses and the 
pressure drops. All the condensate runs into the trap but there is no steam 
pressure to discharge it, so that in a state of shut-down mechanical traps are 
generally full of water. Northcroft sa^^ that thousands of traps are destroyed 
every time this country has a long spell of frost. Thermostatic traps, for the 
most part, are self draining and do not suffer damage from frost as their valves 
are always open when they arc cool. 

The cure is to put all traps in a proper place inside a building as close as 
possible to the plant they are draining, and lag them carefully. Traps in 
“ Steamy Alley ” are generally wasting condensate and flash steam and seldom 
get proper maintenance. 

297 . STRAINERS. Float traps and thermostatic traps should always be 
preceded by a strainer. One of the fruitful causes of trap failure is scale, tow, 
dirt, sand, mice or other souvenirs blocking the valve or causing the valve to 
stick open or leak. Two forms of strainer are shown in Fig. 134. In Fig. 134a 
there is no dirt pocket, or rather the pocket is rudimentary ; but the dirt 
collects on the outside of the gauze. In Fig. 134b there is a good dirt pocket 
but the dirt collects on the inside of the gauze. If most of the foreign material is 
fibrous it is easier to remove from the outside of the gauze, but if it is sand or 
small scale it is more easily washed off the inside. Strainers must receive 


(00233) 


253 


I 



§297-298 THE EFFICIENT USE OF STEAM: CHAP. 8 

regular attention, else they will choke, and again the trap will be blamed and 
will probably be bye-passed. Top discharge traps, i.e. the bucket traps, may 
often be better without a strainer. The strainer is an additional cost and an 
extra maintenance requirement, and unless the foreign material can float, the 
scale, etc., will remain in the bottom of the trap. 




FIG. 134. TRAP STRAINERS 

298 . TRAP CAPACTl JL • Tiaps are often ordered by the size of their pipe 
connections. Pipe connections are like the flowers tliat bloom in the spring— 
they have nothing whatever to do with the discharge rapacity of the trap. 
The discharge capacity depends only on the effective area of the valve and the 
pressure drop across it, together vvdth the temperature of the condensate. 
When hot condensate is discharged from a trap, flash steam starts coming off 
immediately the pressure is reduced, that is, inside the valve. Such flashing 
water occupies a greater volume than cool water and limits the output of a 
particular valve. The discharge rate can be worked out, but why bother ? 
Specify the discharge required and the minimum and maximum pressures. 
The onus is then on the trap manufactuier, w^ho has all the necessary data at 
his fingers’ ends. 

♦ SH ♦ 

A trap is just a special kind of automatic vahe, w^hich is capable of saving 
or losing a lot of money. It is well worthy of being chosen with care, installed 
with intelligence and looked after with zeal. Design, materials and workman¬ 
ship are much more important than price. 

In the next two chapters some of the applications of traps are discussed. 
In most cases the plain float trap has been used for illustrative purposes. 
This does not mean that the plain float trap is necessarily the best. It was 
chosen for illustration because its action is the simplest of all tiaps, because 
it works instantly, and because it does not vent air. 



CHAPTER 9 


CONDENSATE HANDLING 

My doctrine shall drop as the rain^ 

My speech shall distil as the dew. 

As the small rain upon the tender herb. 

DEUTERONOMY. XXXD 2. B.C. 7 OO 

CONDENSATE is formed when steam condenses, either accidentally—inside 
a steam pipe—or purposely—inside a heating surface. In most cases condensate 
must be removed as rapidly and completely as possible. The danger of allowing 
condensate to accumulate in a steam pipe has been discussed in Chapter 5, 
Sections 190 and igi. Unless condensate is quickly and effectively drained 
from heating surfaces the steam cannot make full use of the surface and output 
suffers. There may be occasions when partial waterlogging of a heating surface 
is permissible, first to enable some of the sensible heat to be removed from the 
condensate, secondly for purposes of control. These conditions are dealt with 
later. 

299 . RESISTANCE OF WATER FILM TO HEAT TRANSFER. In 

Chapter 4, Section 162, Table XIX, the heat conductivities of various sub¬ 
stances are given. It will be seen that water is a very bad conductor indeed. 
A film of water i/ioo in. thick offers the same resistance to heat transfer as does 
a copper plate 6| in. thick, or a steel plate f in. thick. It is important therefore 
that heating surfaces should be drained as rapidly and completely as possible 
and that they should be arranged so that the condensate film is as thin as 
possible, 

300. ARRANGEMENT OF HEATING SURFACE FOR DRAINAGE. 

There are three forces acting on the condensate that forms on the heating 
surfaces of a piece of plant. The first is gravity, the second is the frictional 
drag or brushing action of the steam flow ; the third is surface tension which is 
discussed later—see Section 348. These indicate two general principles. The 
steam should always flow in the same direction as the condensate ; and we 
can say that heating tubes or jackets should if possible be vertical or steeply 
sloping so that the steam inlet should be at the top. In the majority of plant 
this can be arranged, for example air heaters, unit heaters, calorifiers, boiling 
pans, evaporators, stills, etc. In many commercial designs of plant the heating 
surfaces are horizontal. This is done because it is often easier to get good heat 
transfer to the material being heated if the convection currents in the heated 
material are at right angles to the heating surface, and this advantage may 
outweigh the advantages of good condensate draining. The sag in horizontal 
tubes is often beneficial in absorbing expansion and contraction. 

Some types of plant cannot be arranged with vertical or steep heating 
surfaces nor with concurrent steam and condensate flow. (One of the most 
successful of these—it breaks both rules—is the Lillie film evaporator.) The 
principal representatives of this class are the various drying cylinders, calenders, 
bowls, cans, ironers, decoudens, paper machines, food driers, etc. Another 
type of horizontal heating surface is found in the platens of moulding presses. 
In these platens the steam and condensate flow in the same direction but the 
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flow is SO sluggish that it exerts no appreciable effect on the horizontal conden¬ 
sate film. There are at least two solutions to the press platen problem ; the 
drying cylinder is far more difficult. 

301 . DRAINING HORIZONTAL SURFACES. There are some horizontal 
heating surfaces where drainage is easy, for example, the bed of a laundry 
calender or multiroll ironer, the lower half of an ironing press or the bottom 
platen of a moulding press. In these plants only the top surface is true heating 
surface, so that, provided there is ample room inside, half an inch of water does 
no harm Multiplaten presses are much more difficult. Each platen has two 
working surfaces. Unless the condensate can be very well drained there is 
bound to be a temperature difference between the upper and lower surfaces. 
This r.ieans that the top of each mould will be cooler than the bottom. It is 
almost impossible to give a fall, inside a platen, to eniible the condensate to run 
out easily. This would mean thicker metal, with consequent lotver heat 
transfer, on one side than the other. It w^ould also call for thicker platens with 
resultant cutting down in press capacity. The multiplaten press is sometimes 
improved by steam circulation, but an even better solution may be the use of 
pressure hot water (see Chapter i8). 

Horizontal coils and banks of tube should not be horizontal ! They should 
have as large a fall as can be permitted and accommodated. 

302 . DRAINING DRYING CYLINDERS. The draining of condensate 
from drying cylinders is the most difficult of all condensate handling ])roblems. 

^ 35 ^ shows the horizontal cross-section of a typical drying cylinder. The 
right-hand trunnion is fitted with a special gland. Steam enters through the 
outer ring of the gland. The inner part carries the condensate discliargc pipe 
which dips into the bottom of the cylinder. In Fig. 135a the discharge pipe is 
shown dipping into a pool of condensate which is being blown out b\’ the steam 
pressure into the trap and away. When the level of tlie condensate falls 
sufficiently steam passes up the dip pif)e into the trap and the trap closes. This 
condition is shown in Fig. 135b where the dip pipe, trunnion pipe and trap are 
all full of steam. Condensation continues and the condensate forms an increasing 
pool in the cylinder, but the dip pipe is full of steam so that the condensate 
cannot get out, as shown in Fig. 135c. Now once steam has got into the dip pipe 
or trap it is already wasted^ it has passed through the cylinder without condensing. 
It must be got rid of before any more condensate can leave the cylinder. This 
can be done in two ways. Either by leaving the trunnion pipe and trap 
unlagged so as to condense the locking steam, or by deliberately leaking it off 
to waste. 

In addition to live steam in the dip pipe there is some flash produced from 
the condensate. Suppose the cylinder in Fig. 135 is 5 ft. in diameter working 
with 5 psi steam. It takes over i psi to lift the condensate up the dip pipe. 
Consequently the pressure on the condensate in the trunnion will only be 4 psi. 
This will cause a small flash (about • 3 per cent.) which must be condensed or 
vented before condensate can be discharged. 

Leaving it to condensation is haphazard and the rate of condensation will 
vary from day to day. The steam actually in the dip pipe cannot condense 
because it is in an atmosphere of live steam. All the condensation has to be done 
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by the trunnion pipe or the trap. Condensation of the locked steam will waste 
the minimum of steam. Leakage will be more wasteful but much more speedy, 
reliable and adjustable. As water is such a bad conductor of heat it is important 
that every possible assistance be given to the condensate to get away, so that 
a definite steam leak should be provided if a plain float trap is employed, or an 
inverted bucket trap may work well without any additional leak provision. 


STEAM 



FIG. 135. DRAINING DRYING CYLINDER 
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The discharge from such a cylinder must obviously be interimttent, and the 
float trap is fitted, not for its continuous discharge properties but because 
it is the one that discharges condensate with the least delay. 

The positioii of the dip pipe is important. Fig. 136 shows diagrammatically 
some cross-sections of drying cylinders. Fig. 136a shows the cylinder at rest 
with the pipe dipping into the condensate pool. Fig. 136b shows the effect 
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FIG, 136. CONDENSATE PIPE AND SCOOP IN DRYING CYLINDER 


of running the cylinder. Ihe condensate is dragged up clear of the dip pipe, 
which should be turned into the position shown dotted (this position can only 
be found by trial and error). This dragging up of condensate uses a lot of 
power. Northcroft quotes a paper mill which obtained a saving of 20 per cent, 
in power by reduction of the condensate in the cylinders of the paper machine. 

In very fast running machines (this only applies to a few newsprint machines) 
the speed is such that centrifugal force maintains the condensate in an even 
film ^1 round the inside of the cylinder. This film must be scooped off in some 
such way as is indicated in Fig. 136c. 

Whatever the speed or size of the cylinder there will always be film of 
greater or lesser thickness of condensate on some or all parts of the inside of the 
cylinder. The smoother the inside surface thc‘ less powe r will be absorbed in 
dragging round the condensate and the nearer can the dip pipe or scoop be 
set to the surface, thus reducing the amount of condensate. 

303 * STEAM RELEASE FLOAT TRAP. In the previous section it was 
pointed out that any steam locked in the dip pipe* and trap of a cylinder draining 
system must be wasted. A float trap fitted with a steam release is shown in 
Fig. 137. A small vent is provided above the normal water level with a needle 
valve adjustment. Like the inverted bucket trap this will always waste steam. 
In the inverted bucket trap this waste is limited, except during discharge, by 
the amount that the trap can condense ; whereas with the steam release the 
waste is die amount that the needle valve allows to escape. There is a com¬ 
pensation. In the inverted bucket trap the waste steam is condensed by radia¬ 
tion and all its latent heat is lost. With the steam release the steam passes into 
the condensate pipe and can be recovered and used if there is a flash collection 
system. Such a steam release will of course also remove air. 
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304 . STEAM LOCKING. The condition described in connection with drying 
cylinders, where steam in the condensate pipe prevents the escape of condensate, 
is called steam locking. There are a number of other pieces of plant which are 
inherently steam-locking. In many factories there are glass-lined tanks or 
other special vessels through the bottom or sides of which it is undesirable that 
connections should be taken. 



STEAM r-STRA(NER 



FIG. 138a. STEAM LOCKED COIL 


A steam coil fitted in such a vessel is fed from the top and the condensate 
is discharged over the top in the manner shown in Fig. 138a. Condensate cannot 
be discharged until it has accumulated to such an extent as to fill the horizontal 
part of the coil. Before this accumulation can get to the trap the steam in the 
riser and in the trap must be wasted by condensation or leak. After each massive 
discharge all the heating surface will be effective and heat transfer will be brisk. 
As the coil waterlogs heat transfer will drop until, just before the next discharge, 
it becomes almost zero. Apart from slowing down the process such intermittent 
heating may be technically undesirable. 
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The cure is shown in Fig. 138b. A lever float trap with a steam release 
should be used. The coil is given a definite fall and a tee is fitted to the blind 
end. The bottom of the tee forms a condensate well dipping into which is a small 
bore riser leading to the trap. Waterlogging is prevented. The only steam 
that must be wasted is that in the trap and in the small bore riser. Such 
waste is only occasional as the condensate will be more nearly continuous in 
discharge. The tee is called a lift fitting and is shown enlarged in Fig. 139a. 
Most trap makers sell lift fittings, see Fig. 139b. Some of these fittings are not 
too satis actory as the riser is relatively too large. 



FIG. 138b. THE CURE FOR A STEAM LOCKED COIL 



FIG. 139. CONDENSATE LIFT FITTINGS 


Another common piece of plant that is inherently steam lockinc is the 
ordinary tilting cooking pan—jam, confectionery, soup, etc. The steam U 
admitted to the jacket through one trunnion and the condensate 
out through the other. Steam and condensate are frequendv 
M to the bottom of the jacket by the cored passages shown in Fig 140a 
This design adrmts the steam in the wrong place, is inherently steam lockW 
and consequently must waterlog and work intermittently. ucKing 
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Fig. 140b shows a different design. The steam is admitted evenly round the 
top so that it helps to sweep the condensate down. There is a good condensate 
well provided with a small bore outlet riser leading to a steam release float 
trap. 




FIG. 140. DRAINING HEMISPHERICAL JACKETED PAN 


Fig. 141 shows another common cause of steam locking. The trap is too 
far from the plant. The condensate pipe is too long and has sagged, and the 
whole thing is elaborately lagged. The cure is to bring the mechanical trap 
as close as possible to the plant to be drained. If an expansion trap is to be used 
then the condensate pipe must be some feet long and should be unlagged. 



FIG. I4I. WATER AND STEAM LOCK IN LONG SAGGING CONDENSATE PIPE 


305 . GROUP TRAPPING. It were far better, if possible, to use one large 
trap than a multitude of small ones. This great thought has occurred to many 
people who have put it into practice with, for the most part, unsatisfactory 
results. It is possible, in some cases, to replace a number of small traps by 
one large one ; in some cases it is undesirable. If one trap is to replace several 
it is necessary to comply with one vital requirement—the flow of condensate 
from any one vessel into the common trap must not be interfered with in any 
way whatever. Let us investigate what will happen if three identical coil- 
heated vats are connected, by a misguided enthusiast, to one trap. 

Fig. 142 shows the arrangement. All three vats are doing the same job, 
say heating up a cold water solution to near boiling point and then holding the 
temperature for a while. Vat G has been on longest ; it has nearly reached 
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the appointed temperature ; heat transfer is low because the liquor is hot , 
so that the steam pressure in the coil is nearly up to that in the main. at ^ 
has not been on so long ; the liquor is cooler ; condensation is more bris , 
consequently the pressure is a little lower than in coil C, Vat A has only just 
been put on ; the liquor is cold ; heat transfer is very brisk and condensation 
is heavy; consequently the steam pressure in coil A is considerably below the 
main pressure. These pressures are the natural ” pressures. The pressure 
in the condensate main must be equal to the highest pressure connected to it, 
namely 19 psi. Coil B is at 18 psi and is 2 ft. 6 in. above the condensate main. 
Condensate will stand 2 ft. 4 in. up the condensate branch, but the condensate 
vill just be able to flow into the condensate main. The natural pressure in 
coil A is 15 psi. This + 2 ft. 6 in. of water head gives 16 psi. Therefore no 
conden ate can possibly flow from the coil that is producing most condensate ! 
Coil A will waterlog until heat transfer has been so reduced that the pressure 
in the coil rises to at least 18 psi. 



The trap is blamed ; possibly a larger trap is fitted ; it still cannot work. 
Waterlogging cannot be blamed on the trap if the lay-out is such that the con¬ 
densate cannot reach the trap. There are two solutions to the problem. The 
first easy but not satisfactory ; the second entirely satisfactory but of limited 
application. 



FIG. 143. GROUP TRAPPING-SLIGHT IMPROVEMENT 
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The first solution is shown in Fig- 143. The condensate outlets have been 
made the full bore of the coils and the condensate main is made very large. 
The result is that the condensate can flow along the bottom of the branches and 
the main and there can be no waterlogging. There is one important and 
undesirable effect. The pressure in all the coils must be the same at all times ; 
it will equalise through the steam space in the large condensate pipe. This will 
slightly lower the pressure in coil G but this will be compensated by the greater 
steam velocity through the coil. Steam will pass back to coil A. This will 
increase the pressure in coil A but the condensate will have to flow against a 
steam flow. There is an important consequence from this evening out of 
pressure. It is impossible to throttle down one vat to say 3 psi to keep it hot 
after it is up to temperature. All vats must carry the same pressure so that 
one cannot be satisfactorily slowed down without the others. The large pipes 
are more expensive and will be expensive to lag and will lose more heat. 



The right solution is shown in Fig. 144. It is free from all blemish but it 
requires height, more height than is available in most factories. The condensate 
pipes from each coil are led down and water-sealed into a common condensate 
tank at a sufficient distance below the vats to give a water head in the down 
pipes equal to the greatest pressure difference ever wanted between the vats. 
Suppose the maximum pressure on a coil is 20 psi and the minimum pressure 
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is 3 psi, the pressure difference is 17 psi, equivalent to 40 ft. of water ^see 
Table XXXII. The condensate pipe from each coil is led into a trap tank 40 ft. 
below, and water sealed into the tank. Suppose Vat C is up to temperature and 
is to be kept warm with 3 psi of steam. Suppose vat B is nearly up to heat and 
has 19 psi in its coils, and suppose vat A is just starting and owing to heavy 
condensation has only 15 psi in its coil. All the coils can drain correctly and 
can maintain their own individual pressures. The condensate pipe from B will 
be empty except for the condensate running down it. The pressure in the 
condensate tank will be 19 psi. The condensate will stand 9 ft. 3 in. up the 
A condensate pipe, and it will stand 36 ft. 10 in. up the G condensate pipe. 

A 15 psi + 9 ft. 3 in. = 19 psi. 

G 5 psi + 36 ft. 10 in. = 19 psi. 

The condensate or trap tank should have a capacity equal to the combined 
volume of all the condensate pipes. This prevents the water seal from breaking. 
The condensate pipes must run separately into tlie trap tank so that each can 
have its own individual water level to compensate for varying steam pressures. 
In order to retain the water seal the condensate pipes must reach nearly to the 
bottom of the tank. 

This arrangement has been working satisfactorily in the author’s 
factory for over ten years. The main process buildings are very high ; in one 
case the trap tank is 112 ft. below the condensate producers. This enables one 
vessel to operate at 60 and its neighbour to work equally satisfactorily at 
12 psi while the condensate from both is handled by the same trap. 

There is one snag that must be watched for. When one vessel is shut down, 
in order to prevent hot condensate being pushed back into the idle coil, non¬ 
return valves are fitted. If the steam stop valve on vessel G leaks, condensate 
will collect in a slug behind the non-return valve N. When the steam valve on G 
is opened, this slug may hammer the bend K. (This occurs occasionally in the 
author’s factory.) The cure is better valve mainienance. The palliative is 
careful valve-opening. It is possible that the trouble might be cured by 
putting the non-return valve at the bottom of the pipe. 

306* DRAINING UNIT HEATERS. Unit heaters have certain advantages. 
They represent the cheapest-first-cost method of space-heating large buildings. 
They take up very little room. They are suitable for high pressure steam 
(thermodynamically deplorable, but not necessarily so in this application). 
Consequently the steam piping can be very small and cheap. They are designed 
to be put in the head room, nicely out of the way. For tidiness sake the 
condensate main for collecting the water from unit heaters is very often fitted 
above the heaters. This is bad practice, but it is so often expedient that such 
upward draining must be considered. With any space heating arrangement, 
especially one working with high pressure steam, there is an important point that 
is sometimes lost sight of. The object of space-heating is to heat the space of 
the building. Therefore there is no need for elaborate lagging or any lagging 
of condensate piping where that piping passes through the building that is to 
be heated. This enables the sensible heat to be taken out of the condensate 
and possibly removes any objection to the use of high pressure steam, as matters 
can often be arranged so that there is no flash steam from the cooled condensate. 
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The condensate discharge from a unit heater is heavy and, while the 
heater is working, practically steady. Fig, 145 shows three of the many possible 
arrangements. The arrangement shown in Fig. 145a is the best, but if a high 
level condensate return is insisted on the lay-out shown in Figs. 145b and c 
will be satisfactory. There may be a risk of water hammer when discharging 
condensate upwards. This risk is much greater where flash steam formation 
is a possibility. Flash is always likely to occur at the trap discharge ; so that 
system 145b is preferable to system 145c. Provided a large enough expansion 
trap can be installed, a considerable amount of the sensible heat in the condensate 
will be used. The expansion trap will get rid of any air in the system, and an 
expansion trap is usually so small and light that it can be carried by the piping 
system without the need for separate supports. 


NON-AETURN 



FIG. 145. DRAINING UNIT HEATERS 



FIG, 146. GRAVITY RETURN SYSTEM HEATING THREE ELOORS 
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307 . one-pipe and gravity return systems. There arc some 
extremely simple systems of condensate return that work, and have worked for 
a century. In some of these systems only one pipe is used, and the condensate 
returns by gravity without any trap or other device to the boiler. Fig. 146 
shows a simple gravity system such as has worked for four or five generations 
in some textile mills. Were the fall on the pipes adequate, there could be little 
wrong with such a lay-out. In many of the older mills, however, there is not 
only insufficient fall but many dips and pockets. Sometimes each heating pipe 
is 1,000 or more feet long. With low buildings it is impossible to provide 
adequate tall on such a pipe. Water hammer is chronic and violent. 



FIG. 147. ONE PIPE GRAVITY RETURN SYSTEM HEATING 
THREE ROOMS AT ONE LEVEL 



FIG. 148. ONE PIPE GRAVITY RETURN SYSTEM FEEDING 
RADIATORS AT TWO LEVELS 
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The system showain Fig. 147 uses the steam main as the condensate return. 
Provided the main has an ample fall and is of large size there is no fault in such 
a system. Fig. 148 shows a one-pipe arrangement feeding radiators. This is 
not so good. It demands that each radiator be either full on or tight off. The 
radiator valves must be very large because the steam has to go in and the 
condensate has to get out against the steam flow. Such a system has worked 
but, to be satisfactory, pipes and valves have to be so large that there is little 
or no saving over a separate condensate system. 

308 . BAROMETRIC LEG AND ATMOSPHERIC TANK. Where the 
condensate is to be removed from a space working under a pressure below 
atmospheric pressure, the simplest of all devices can be used in place of a trap, 
provided the plant to be drained is sufficiently high above ground. 

A vacuum of 20 in. means that the difference of pressure between the vessel 
under vacuum and the atmosphere will support a column of mercury 20 in. high. 
As shown in Table XXXII, 20 in. of mercury is equivalent to 22 • 7ft. of water. 
If therefore the condensate outlet can be led into an atmospheric tank in such 
a position that the barometric leg, or condensate pipe, is 23 ft. high, the con¬ 
densate will run out freely by gravity into the atmospheric tank. See Fig. 149. 



FIG. 149. BAROMETRIC LEG AND ATMOSPHERIC TANK 

The barometric leg must extend nearly to the bottom of the tank, and 
the condensate must overflow from the top of the tank, so as to seal the baro¬ 
metric leg. The capacity of the tank between the ends of the two pipes must 
be greater than the cubic content of the barometric leg, to prevent the seal 
being broken when starting up. 

309 . THE U-TUBE. The U-tube has often been suggested, and has some¬ 
times been used for removing condensate where the pressure difference between 
the inside and outside of the heating surface is very small. The results are 
by no means always satisfactory. The U-tube requires somewhat lengthy 
consideration. 
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In Fig, 150 a heating surface is supplied with steam at 10 psi.g. and the 
condensate is led to a U-tubc with arms about 24 ft. long. The outlet end o e 
U-tube is connected to a condensate tank where the flash steam is to be condensed 
by a spray of cool make-up water. Now what happens ? Let us look at Fig. 151 
which shows a diagrammatic U-tube with a very long outlet arm. Suppose the 
U-tube has 12 ft. of water in each arm at A in Fig. 151. Now suppose that the 
left-hand arm is put under a pressure of 10 psi.g. The level in the left-hand arm 
will drop and that in the right-hand arm will rise until the head between the 



FIG. 150. U-TUBE WITH COLD SPRAY CONDENSING FLASH 

two is 23*1 ft. at G in Fig. 151, and just balances the 10 psi pressure—see 
Table XXXII. If the water in the U-tube is condensate at 10 psi at saturation 
temperature, the water will be at 239^^ F. and have a heat content of 
207 • 9 Btu/lb. 

At point Bi the water is at 10 psi and can exist at this temperature and 
heat content. 

At a point 2-3 ft. above B^, the pressure will only be 9 psi and water at 
this pressure can only contain 205*5 Btu. 

So that 2*4 Btu must have gone in flash steam. 

The latent heat at 9 psi.g. is 954*4 so that the amount of steam flashed will 

be - = *002514 lb. 

954*4 

At 9 psi water has a volume of *0169 cu. ft./lb. 

Saturated steam has a volume of 17*2 cu. ft./lb. 
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So that the mixture of condensate and flash steam will have a volume of 
(•002514 X 17*2) + (-997486 X -0169)= -0601 cu. ft./lb. 
instead of -0169 were it all water. 

Point B- will therefore be X 2-3 = 8*4 ft. above point instead 

•0169 

of 2 • 3 ft. 



FIG. 15 1 . THEORETICAL U-TUBE 

Now the higher up the tube we go the more flash steam will have been 
liberated and the greater will be the volume occupied by the steam owing to 
its reduction in pressure. If we assume that the flash takes place evenly up the 
tube the average pressure will be 5 psi.g. where the volume of saturated steam 
and water are 20-4 and ’OiGB cu. ft./lb. respectively. 

The sensible heat in condensate at atmospheric pressure is 180-2 Btu, 

so that the heat to be got rid of by flash will be 207 -9 — 180 • 2 = 27 • 7 Btu» 

The latent heat at atmospheric pressure is 970*6. 

27*7 

So that the weight of flash steam will be —= • 028539 lb. 

970-6 

The volume of steam/condensate foam per lb. will be 

•028539 X 20-4 + -971461 X -0168 = -5985. 
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So that the height of the foam column in the right-hand arm will be 

-5985 _ 8 ft. 

•0168 

If our factory were situated beside the Eiffel Tower or the Empire State 
building we might decide to fit up a crazy U-tube 820 ft. high. If, however, 
our pressure dropped from 10 psi to 9*9 psi no condensate whatever would 
come out of the tube. If the pressure rose to 10*1 psi the column would be 
insufficient and the tube would be unstable and turn itself into a steam lift— 
just like an air lift well pump. 

The calculation just given may be considerably wrong, i Btu of flash steam 
increases the height of the column by 30 ft. We are dealing with small 
diflfere'ices in values given in the steam tables to four significant figures. The 
last digit in the steam table values is indicative rather than exact. Even if there 
is an error of i or 2 Btu it will not affect the point, which is that the hydrostatic 
column of flashing water will be a foam many feet high in a small bore pipe. 

This somewhat laborious theorising is given in order to explain the difficulties 
that arise with a vertical pipe containing hot condensate. Apart from explaining 
the pitfalls that surround the use of a U-tube it explains the readiness with 
which water hammer will occur in any system where condensate is blown * 
up to a higher level, and it shows that great care must be exercised in such 
systems to prevent the foin^ation of pockets of steam driving slugs of water in 
front of them. 

In actual practice a U-tube does not seem to behave quite as the foregoing 
theoretical argument would suggest. It works in erratic gushes. A bubble of 
flash steam forms, gets bigger by additional flash and by expansion, and throws 
out a slug of water. 

It might be that were the rising limb of the U-tube made many times 
larger than the dropping limb, the flashing steam bubbles might separate and 
rise to the surface without greatly raising the liquid level. The author does not 
know whether this is true, though he has heard that the U-tube can give 
satisfaction in certain cases ; they are used in many multiple effect evaporators 
for transferring the feed from body to body in forward feed —Section 481. 


310 . THE CONVECTION U-TUBE. Although the U-tube may not work 
in the form shown in Fig. 151 it can be and is being used in a modified form. 
Suppose we could mix with every part of 10 psi condensate 10 parts of condensate 
that have already cooled down to 212^^ F. by flash, by introducing this cooler 
water at the bottom of the U. 

(10 X i8o-2) + (1 X 207-9) .o„ - T,. . 

-== 182*7 Btu/lb. in each 


There will then be 


II 


of the 11 lb. of mixed condensate. 


This corresponds to a saturation pressure of about 0*75 psi.g. or a water 
head of i • 7 ft. 

TAr 1 ti 1 /* 1 182*7 — 180*2 

We shall therefore have --= -002575 lb. of flash steam at 

25-6 cu. ft./lb. and 10-997425 lb. of water at -0167 cu. ft./lb.—a combined 
volume of -022684 c**- ft./lb. 
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The equivalent head of 1*7 ft. will be obtained from the steam/water 


mixture from a column 


1-7 X -02 268 
•0167 


= 2*3 ft. 


Our cooled U-tube will only need to be 23 • i + 2 • 3 = 25 • 4 ft., say 30 ft. 
high, instead of 800 ft. 

A device, working on this principle, which is in operation in some beet 
sugar factories (and possibly other factories) is shown in Fig. 152. The hot 
condensate under pressure enters at the bottom of the wide bore ])ipe B. 


rt ash 



FIG. 152. CONVECTION U-TUBE 

It flows upwards and flash takes place in the bell-mouthed portion of B, made 
this shape to prevent large steam bubbles from acting as steam lift pistons. 
The cooled condensate flows down the outside of tube B and enters the bottom 
of B through the holes C. This cools down the hot condensate and limits the 
flash zone to the top bell-mouthed portion. The flash steam is piped off 
through D and the condensate overflows by E. The success of the device 
depends on the maintenance of rapid convection currents to ensure heavy 
dilution of the incoming hot condensate. If this circulation gets upset the 
device becomes unstable and flashing takes place too low down and kicks slugs 
of water out of the top. 

The design of a device such as this is more a matter of experimental art 
than science. 

311 . THE COOLED U-TUBE. Fig. 153a shows the downside leg of a 
U-tube cooled by means of a jacket through which water or some process 
liquor that needs heating is passed. This removes the excess sensible heat 
from the condensate and no flash has to be allowed for. 
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Fig, 153b shows another way of using a U tube on cooled condensate, by 
passing the condensate through an ordinary heat exchanger before it enters 
the down leg of the U tube. 

As long as some way can be devised for absorbing the excess sensible heat 
and provided the pressure drop across the plant is small, the U tube provides 
a beautifully simple method of handling condensate in very large quantities. 


HOT CONOCNSATC 



FIG. 153. COOLED U-TUBE 


312 . PUMPING HOT CONDENSATE. Hot water near the temperature 
of boiling appropriate to the pressure is always on the look out for a chance 
to get rid of some heat by flash. If condensate at saturation temperature 
suffers any pressure drop some steam will flash off. At the suction of a pump, 
whether centrifugal or reciprocator, there is always a reduction in pressure 
(that is what suction is) and, unless an extra pressure can be applied to counter¬ 
act the suction, flashing will occur. Flashing in a pump suction is bad. The 
pump draws flash steam instead of condensate. The flash steam condenses 
again under pressure and banging or hammer (or, in a centrifugal pump, a 
rattling like a lorry on cobbles) occurs. It is essential always to arrange that 
the natural pressure on hot condensate is augmented by placing the pump 
suction well below the condensate tank. Table XLIV shows the head, suction 
or pressure, which has by experience been found satisfactory for water at 
various temperatures. Where condensate cannot be cooled before pumping, 
flashing in the pump suction is said to be greatly reduced by the arrangement 
shown in Fig. 154. Here a heating surface, supplied with steam below atmos¬ 
pheric pressure, cannot be drained by barometric leg owing to lack of headroom. 
The balance pipe fitted between the pump suction and the heating surface 
steam space is said to relieve the condensate at the suction of the pump of local 
drop in pressure. The author has no personal experience of this arrangement 
and has heard conflicting stories about its efficacy. It would seem more hopeful 
to provide a large and generous condensate pipe. 


272 



CONDENSATE HANDLING 


§ 3»3 

313 . THE ELIMINATION OF TRAPS. Good traps, well maintained, are 
satisfactory pieces of plant which function well and give reliable service for years. 
For really good condensate drainage every heating surface should have its own 
separate trap. In a large factory this means hundreds of traps. As a trap is small 
and unobtrusive, working away modestly and generally satisfactorily, mainten¬ 
ance only too often relaxes for more urgent matters. In Sections 307 to 311 it has 
been shown that in some situations traps can be replaced by piping systems. 
In Section 305 the correct method of using one large trap in place of a number 
of small ones has been explained. Every endeavour should be made to reduce 
the number of traps and to ensure that the remaining large traps are as good 
as money can buy. If a factory can arrange things so that it has, say, six 



FIG. 154. PUMPING HOT CONDENSATE 


TABLE XLIV, SUCTION HEAD FOR PUMPING 

HOT WATER 


(Weir) 

TEMPERATURE OF 

SUCTION LIFT 

1 

' PRESSURE HEAD 

WATER °F. 

FEET 

1 FEET 

! 

130 

10 ' 


1.50 

7 1 

1 

170 

2 1 

1 


175 

Level 

1 1 

190 

1 

1 

5 

200 ; 


10 

210 I 

i 

15 

212 

1 

1 

17 
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lai^e traps instead of sixty small ones, the traps become such important pieces 
of plant that they will always receive all the needed care. It is, however, no 
use cutting out traps right and left and introducing all the troubles associated 
with group trapping. Vacuum systems should always be drained by baro¬ 
metric leg, if there is sufficient headroom. Very low pressure systems can be 
drained by some form of cooled U tube. The plant in high buildings can and 
should be group trapped—BUT—the group trapping MUST be correctly 
done. As far as the author knows there is only one correct way and that way 
is illustrated in Fig. 144 , Section 305 . 

314. TRAP BYEPASSES. Should every trap be fitted with a byepass ? 
Answer : Yes, on condition that the byepass is used only by the maintenance 
staff for examining and servicing the trap. Answer : No, if maintenance is 
haphazard or non-existent. Answer : Yes, if the trap is draining a high pressure 
steam main, when prudence may demand that the byepass be wide open during 
warming up from cold. 




FIG. 155. TRAP BYEPASSES 


If heating surfaces get air locked or waterlogged they lose efficiency, output 
will drop or incorrect processing will occur. At the least provocation a process 
operator (or the cold occupant of a room) will byepass the trap. Byepassing a 
trap must show an improved performance, even when the trap was working 
perfectly. Any air in the system is quickly swept out. Condensate cannot 
accumulate and is brushed off the surface by the faster moving steam. Heat 
transfer will be better. How can the operator be blamed for achieving 
beautiful effects ? ^ 


274 



CONDENSATE HANDLING §314 

There is a lot to be said for no byepasses. It means that if a trap chokes 
with scale or tow, or if it leaks, it will get prompt attention. The operator is 
unable to compare the performance of his plant with and without the trap in 
circuit. Provided maintenance is kept well up to the mark all-round performance 
will probably be better without byepasses. 

In the author’s factory evolution has resulted in the following rather 
curious state of affairs. The bulk of the process condensate is dealt with by two 
huge traps. These are not provided with byepasses. They do not go wrong. 
If they did, they could be manually operated until an opportunity for servicing 
came along. The remaining small traps are fitted with byepasses, which are, 
on occasion, abused. This evolution probably supplies a good answer. Have 
as few traps as possible. Make them costly and good and they will require no 
byepasses if they are sufficiently important. Little traps tucked away in odd 
corners need byepasses which, sooner or later, will be abused. 

Trap byepasses should be small, so that the waste when they are opened 
is as small as possible, and so that there is not a great improvement in 
performance when the byepass is opened. Byepasses are usually made full 
pipe size. Fig. 155a shows the usual arrangement. Fig. 155b shows the 
suggested arrangement where the byepass is made of much smaller piping. 

It is a good plan to remove the hand wheel from trap byepass valves so 
that they cannot be opened by the irresponsible. 

In some factories sight glasses can be fitted to trap discharges. These give 
visible indication of the operation of the trap. These are sometimes satisfactory, 
but often the condensate quickly coats the glass with a rusty stain, when 
nothing can be seen. In such cases sight glasses are useless unless regularly 
and frequently cleaned. 

If opening a trap byepass gives a miraculous improvement in performance 
to a plant that was suspected of being condensate-logged, the condensate 
outlet should be disconnected from the trap so that the operation of the trap 
can be observed. From what is seen compared to what should be seen from 
the particular type of trap a good diagnosis should be easy. 

« ♦ ♦ 

Whenever condensate above 212° F. is to be handled the greatest care must 
be taken to avoid water hammer. Therefore all possible precautions must be 
taken to prevent steam forming by flash and its possible recondensing by 
coming into contact with cooler water or by increased pressure. Condensate 
should be handled as expeditiously as possible, by the shortest route with 
the avoidance of horizontal pipes (condensate pipes should always slope). 

There are many other problems connected with the handling of condensate. 
These concern the collection and use of flash steam and the removal of air. 
To deal with the whole subject at once would have meant an enormous 
rambling chapter. Splitting up into separate chapters is by no means satis¬ 
factory but has been done—for better or for worse. 

♦ ♦ ♦ 
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CHAPTER 10 

AIR AND ITS REMOVAL 

A solemn, strange and mingled air, 

'T was sad by fits, by starts t was wild, 
w. COLLINS. The Passions 1747 * 

OF all the problems that confront the steam user, the removal of air from inside 
heating sunaces is the most neglected, yet it is one of the most important. 
This chapter will only discuss the problem briefly, but sufficiently to make 
quite clear the one cardinal rule. For detailed methods of air removal from 
almost every kind of steam plant Northcroft (see Section 805) should be 
consubed. 

315 . AIR AND INCONDENSIBLE GASES. Air may enter plant as air, 
but the oxygen only too Oiten joyfully attaches itself to part of the plant leaving 
oxide and rust behind and nitrogen to go on. CO2 is the constant companion 
of steam. Water dissolves COg readily and the COg is driven off when the 
water is heated. Water containing temporary hardness, calcium bicarbonate 
when heated gives off CO2 and precipitates calcium carbonate as scale or mud. 



Many process materials give off gcises when heated. In multiple effect 
evaporation (see Chapter 17) the amount of gas may be considerable. All 
plant at the start-up is full of air. Every time steam plant is shut down it 
fills with air sooner rather than later. When the plant stop valve is shut the 
steam inside the plant condenses and forms a vacuum which is slowly broken 
by air leaks at joints, valve spindles, glands, etc. All steam, however high 
grade, contains air or some incondensible gas. 

There are two problems in air removal from steam plant. Intermittent 
plant fills with air at each shut down, and means must be provided for removing 
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this air as quickly and completely as possible. Continuous plant must be 
provided with devices which will vent the small amount of air or gas that comes 
in with the steam. 

In the following sections the word ‘‘ air ’’ means any incondensible gas. 

316 . RESISTANCE OF AIR FILM TO HEAT TRANSFER. In Chapter 4, 
Section 162, Table XIX the heat conductivities of various substances are given. 
It will be seen that air is a worse conductor of heat than the best lagging. 
A film of air i /100 in. thick offers the same resistance to heat transfer as does 
a piece of copper 11 feet thick, a piece of steel 15^ inches thick or a film of water 
I /5 in. thick. If it is important to remove condensate it is clearly much more 
important to remove air which may collect on the heating surfaces. 
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FIG. 157. THE MECHANISM OF CONDENSATION 


317 . BEHAVIOUR OF AIR IN A STEAM SPACE. Inside a steam space 
there is always some turbulence. Air can seldom separate out completely from 
steam. Local convection currents and diffusion help to keep the air and steam 
partly mixed. When plant is first started up the steam space is full of air. 
When steam is first turned on the air is compressed and pushed to the far end 
of the steam space. As air is denser than steam at the same temperature and as, 
at start up, the air is cooler than the steam, the air will collect at the bottom of 
the heating surface remote from the steam inlet. Turbulence and diffusion, 
however, mix the two together so that there is no sharp dividing line. Fig. 156a 
shows what may be expected to be the state of affairs immediately after starting 
up a vertical calorifier. If there is no way of escape for the air the state of 
affairs that may be expected after a few minutes is shown in Fig. 156b. Most 
of the air has more or less mixed with the steam, but there is more air in the 
remote corners. ‘‘ Remote ’’ is a very important word in connection with air 
removal. It is not measured as Euclid would fly, but as steam would flow. 
“ Remote is the be-all and end-all of air removal. 
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Now let US consider a piece of heating surface from which the start-up air 
has been removed. The plate, Fig. 157a is cool and anxious to take up heat. 
Steam condenses, and the condensate will run down. Any air in the steam will 
collect as a stagnant blanket between the condensate and the steam. Heat 
can now only reach the condensate surface by conduction through the air, or 
by the steam diffusing through the air. In practice, things are not quite so bad 
as this. Fig. 157b shows steam inside a heating pipe, with the flow of steam 
downwards, as it should be. The condensate is flowing downwards and, 
although the steam is flowing towards the tube walls it does not do so at right 
angles ; there is a downward movement as well due to the whole body of the 
steam flowing down the pipe. The air film (imaginary or real) is sandwiched 
between two downward movers which are almost certainly moving at different 
speeds. This encourages turbulence and helps diffusion to mix the air back 
into the steam again, whilst moving the air bodily towards the point remote from 
the steam inlet. 

318 . EFFECT OF PARTIAL PRESSURE. What effect has air on steam 
when it is mixed homogeneously with it? We may look for the answer in 
Dalton’s Law of Partial Pressures, which sounds more alarming than it really is. 

In a mixture of gases in a given volume, each gas exerts the same 
pressure that it would exert if it occupied the volume alone. The total 
pressure exerted by the mixture of gases is equal to the sum of the pressures 
each would exert if it occupied the volume alone.” 

Section 9 in Chapter i explained that the pressure exerted by a gas was due 
to the bombardment of the walls of the gas container by the gas molecules. In 
a mixture of gases, the molecules of each are doing their share of the bombard¬ 
ment—they are each exerting part of the pressure—they are each exerting a 
partial pressure. So if the law applied to a mixture of one part by volume of 
air to four parts by volume of steam, the air would exert 1/5 of the total 
pressure. Then, if the mixture was at 15 psi.a., just above atmospheric pressure, 
the steam would exert a partial pressure of 12 psi.a. and the air a partial pressure 
of 3 psi. 

Now as the heat in the mixture is provided by the steam, which is at a partial 
pressure of 12 psi.a., we find from the steam taWe that the temperature of the 
mixture must be 202° F. 

Dalton’s Law holds strictly only for mixtures of so-called perfect gases, 
see Section 5, but steam is a vapour and the conditions of pressure and tempera¬ 
ture are complex. There seems to be little reliable data. Dalton’s Law can 
only help us in plants where the steam is somewhat stagnant in such things as 
autoclaves or sterilisers, and it is true to say that the temperature will not 
exceed the temperature appropriate to the partial pressure of the steam up to 
pressures of about 170 psi.g. 

In plant where the steam is enclosed inside a heating surface we really need 
not worry whether Dalton’s law holds or not. In any case, with the steam 
steadily condensing, local concentrations of air near the heating surface, or in 
parts of the apparatus remote from the steam inlet, may occur and we have no 
means of estimating the local partial pressure. Far more important than the 
actual steam temperature is that the air acts as an insulating blanket on the 
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heating surface and must be removed to allow the steam molecules free access 
to the surface. We know from Section 162 that air is the best heat insulator in 
common use. It is therefore the arch enemy in steam and must be removed as 
rapidly and completely as possible. 

319 . KEEPING AIR OUT. With plant that is working intermittently it is 
virtually impossible to keep air out. Air will leak in past a glanded spindle that 
appears to be quite tight to water or steam. When the steam condenses at 
shut down a high vacuum is produced which will suck air in at every pore. 
We must accept the fact that intermittent plant will always fill with air. We 
cannot keep it out. 



320 . DE-AERATORS. Air in the steam supply is another matter. In all 
high pressure plants the boiler feed water is de-aerated, but this never completely 
takes out all the air or CO2. If there is much air in low pressure steam, it may 
well pay to de-aerate the feed water. It is important that condensate be 
de-aerated. Condensate forming inside a heating surface, cheek by jowl with a 
film of air, has the best of opportunities for saturating itself with air. Conden¬ 
sate may be free from dissolved solids, but it is anything but free from dissolved 
gases. 

The principle of thermal de-aeration is to carry out a limited amount of 
boiling by flash. This is done by preheating (if necessary) the water and passing 
it through a flash vessel connected to a condenser and vacuum pump or ejector. 
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The ejector is very extravagant in steam unless its exhaust steam can be used 
for heating something usefully. If the water is well above 212° F. all that is 
needed is to flash the water down to a lower pressure. To get good de-aeration 
it is necessary to flash down 10® to 20° F. An economic use must be found for 
the flash steam and, if an ejector is used, for the ejector exhaust. 



FIG. 159. DE-AERATOR WITH RAISED TEMPERATURE AND HEAT RECOVERY 

Fig. 158 shows the simplest form of de-aerator. This can be used where the 
water is well above 212° F. It requires no description. 

Fig. 159 shows an arrangement which supplies external heat to the water, 
but which returns the heat to the de-aerated water, llie cool water to be 
de-aerated is passed through the tubes of the de-aerator flash condenser where it 
picks up all the heat that is flashed off in the de-aerator. The warmed water 
then goes through the tubes of the condenser which condenses the ejector 
exhaust, which is at about atmospheric pressure. The now hot water is sprayed 
into the de-aerator, being delayed and broken up in its passage by the per¬ 
forated trays shown. The vacuum in the de-aerator is produced by the flash 
condenser and the air is removed by the ejector. I’hc input heat is the live 
steam to the ejector. This heat is used at a fair temperature in the flashing vessel 
and reappears, at a lower temperature in the \varmed de-aerated water. 

It will be seen that in Fig. 158 the de-aeration is effected at a lower tempera¬ 
ture than that of the original water, whereas in Fig. 159 de-aeration is carried 
out at a higher temperature. It is argued by many experts that the method 
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used in Fig. 158 is unsound because de-aeration by reducing temperature cannot 
be so complete or ejfifective as by raising the temperature, because the cooler 
the water the more gas can be held in solution. There may well be something 
in this argument, but de-aerators of the cooling type shown in Fig. 158 are 
giving excellent results in the author’s factory. 

321 . METHODS OF REMOVING AIR. There are four ways of removing 
air from the steam spaces of heating surfaces :— 

[a) By open vent pipes. 

{b) By hand operated vent cocks. 

{c) By automatic means—expansion traps. 

(rf) By using a trap lor condensate removal that is inherently air-venting. 

The first of these, the open vent pipe, is the best if it can be applied econo¬ 
mically. But it can be either very wasteful if too generous or too mean if made 
too small with a view to economy. Where there are steam mains at a number of 
different pressures the open vent pipe is ideal. Each heating surface can be 
pipe vented into the lower pressure main. Venting can be generous because 
any steam vented with the air will be used by the plant supplied by the low 
pressure main. The vents must be provided with non-return valves so that 
when the vented plant is shut down steam from the lower pressure main will 
not come back into the high pressure plant. The non-return valves are the 
only things to go wrong. Of course all the air that is vented into the low pressure 
main has to be vented from the low pressure plant, but the low pressure plant 
has to be vented anyhow. Of^en steam blowers heating liquor or water are 
useful for getting rid of air, and such blowers usually work on very low pressure 
steam (anyhow they ought to.). It is possible to pick up all the heat lost through 
open vents in a spray condenser, which is described in Chapter 14. 

Hand operated cocks are almost always abused or neglected. When start-up 
is sluggish the operator will open the vent. When does he shut it ? Too soon, 
or too late. Once the plant is running the vent is probably not touched again 
until output drops materially and the operator is reminded by the manager 
that he lias a vent. 

Automatic air vents should be the best of all ways of venting, but they arc 
relatively expensive, they must be cared for to see that they are working pro¬ 
perly, they can go wrong, but probably most important, they are frequently 
distrusted. The best automatic air vents are the balanced pressure expansion 
traps or the liquid expansion traps. The former are lighter, cheaper and have 
a quicker response but are somewhat fragile. The latter are more robust. 

The great advantage of the balanced pressure trap as an air vent (or as a 
condensate trap) is that its action is differential and is independent of pressure. 
The liquid expansion trap is a pure thermostat and must be adjusted for a 
particular pressure at which only will it work. The balanced pressure trap will 
vent air at any pressure automatically. 

Where an inverted bucket or thermostatic trap is used for draining conden¬ 
sate there may be no need to make any separate provision for venting air. 
Provided the condensate outlet is at the “ remote point ” of the steam space, 
the air will be adequately removed by an expansion trap, or, if air removal has 
not to be done very quickly, by an inverted bucket trap. 
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322 . WHERE IS THE ‘^REMOTE POINT. In Fig. 156 we saw that 
the remote point was the stagnant corner remote from the steam inlet, and low 
down rather than high up. In Fig. 156 the air will probably mostly collect at 
point X. There may be another stagnant air pocket at Y. Trial and error with 
vents at various places is the only certain way of finding out. More than one 
vent is very often necessary. If the steam inlet were low down it is almost 
certain that a vent should be fitted near the top as well as near the bottom. 

A few examples of air venting will now be given. In each case it will be 
assumed that, for some reason, it is necessary to use a condensate trap that is 
not inherently air-venting. 

In Fig. 160 (compare Fig. 144) the air will be swept along with the con¬ 
densate to the end of the coil. Some will be entangled in the condensate and 
will be carried into the trap tank, which of course must be vented. But there is 
no real driving force to send it down the condensate pipe. Air vents should 
therefore be fitted at the top of the condensate pipes. 



In Fig. 161 (compare Fig. 145) the air will be driven and will fall to the 
bottom of the heater and will collect in the trap. The trap should be fitted with 
a small balanced pressure expansion trap. In Fig. 145b the balanced pressure 
trap will remove all the air and there is no need to fit any special device for 
venting. 
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In Fig. 162a (compare Fig. 140) the top of the jacket is clearly the remote 
point and the vent should be fitted there. But in Fig. 162b the remote point 
is at the bottom—the right place—and the vent should be attached to a small 
pipe extending into the middle of the jacket bottom, well above the condensate 
level. 




no. 1 61. AIR VENTING OF UNIT HEATERS 




FIO. 162. VENTING HEMISPHERICAL JACKETED PAN 



The drying cylinder, Fig. 163 again sets the difficult problem. Where is 
the remote point ? Possibly A or B, more probably C or D, perhaps all four. 
Now inside a drying cylinder things are pretty dull. The volume is huge and 
the heat transfer is relatively small. The steam movement is very sluggish 
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and cannot be relied on to sweep the air to any particular point. Steam 
circulation, which is dealt with in Chapter 18, is a possible way out, because 
it moves the air into a place where it can separate and be vented. Air vents 
should be attached to the cylinder certainly at C or D and probably at A or B 
as well. The vents should be as small as possible because clearances are usually 
small. If there is not enough clearance to allow automatic vents to revolve 
with the cylinder, plain open vents should be fitted. 

Wherever possible a foot or two of bare pipe should separate an automatic 
vent from the plant being vented. This allows the air to cool and permits the 
venting trap to work with more certainty. 

When steam locking occurs and the condensate trap is fitted with a steam 
lock release there is no need to fit a separate air vent provided that the con¬ 
densate is piped off at the remote point. 

Even if good air vents are fitted there is always a chance that air may get 
into a trap, which, if not inherently air venting, will eventually lock. In such 
cases it is not necessary to fit a special air releasing trap to the trap ; all that is 
needed is to connect a small pipe from the top of the trap back to the vented 
steam space See Figs. 160 & 164. 

The essence of air venting is the finding of the remote point. Better still is 
to make the steam follow a certain path to a prearranged remote point. Such 
a system of deliberately forcing the steam to drive the air to a remote point is 
shown in Fig. 165. This is an evaporator calandria provided with two hexa¬ 
gonal baffles so that the steam has a definite path. Not only is this beneficial 
for driving the air into a corner, but it increases the steam velocity over the 
tubes and helps to brush off the condensate. 

323. VENTING VACUUM SPACES. Steam at less than atmospheric 
pressure is condensed inside condensers and inside the heating ^^urfaccs of some 
plants, for example, in multiple effect evaporators. The air in the steam will 
collect at the remote point, as in pressure plants. An open vent, or a 
thermostatic vent to atmosphere will not let the air out ; either would let more 
in. The air must be extracted. In the heating surfaces of an evaporator this is 
easy. An open vent from the heating surface into the vapour space well above 
the liquid is all that is needed. See Fig. 165. This of course is wasteful, but 
it works. In some cases a thermostatic air vent can be used in such conditions 
provided the discharge is into the body of the evaporator. 

The venting of a jet condenser hardly needs mention. The outlet to the 
vacuum pump is the vent. It is the remote point and the coolest point—ideal. 
Sec Fig. 165. 

The vent point in a surface condenser is also the remote point and is con¬ 
nected to the vacuum pump or ejector. See I'ig. 166. In the case of surface 
condensers the remote point is not left to chance. It is carefully arranged by a 
system of baffles. 

324. VACUUM BREAKING—THE ADMISSION OF AIR. It is important 
that steam pipes should be prevented from sucking back liquids through leaky 
coils when the plant is shut down at night or at the week-end. 
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FIG. 165. CALANDRIA PAN WITH AIR REMOVAL FROM GALANDRIA. GALANDRIA 
BAFFLED TO SWEEP AIR AND GONDENSATE TO VENTING AND DRAINING POINTS. 
VAPOUR IS GONDENSED BY A TRAY TYPE JET GONDENSER 
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Normally at the shut down all steam valves are closed. When the plant 
cools the steam condenses in the pipes and forms a vacuum. This frequently 
results in drawing liquid from tanks and vats back through minute pinholes 
or cracks into coils. When the plant is started up this liquid is discharged 
through the trap into the condensate line and may contaminate many thousands 
of gallons of what should be distilled water. The risk of this happening is very 
great where the steam coil is heating a very corrosive liquid which may easily 
perforate the coil—in electro-plating, for example. 




IICt. 1 66 . AIR SWEPT TO ONE POINT IN SURFACE CONDENSER 

Occasionally the liquid is drawn right back into the steam pipe from leaky 
coils past leaking valves. Automatic vacuum breakers can be fitted, though 
they can stick shut. It may be better to drill a pinhole in the steam pipe 
between the valve and the coil. This is admittedly wasteful, ]3ut it is simple 
and reliable. 

♦ * Hs 

Air venting is of the greatest importance. It often greatly increases output. 
By increasing the tempeiature of the steam, it allows a lower pressure steam 
to be used. Northcrofl gives some striking figures ; textile drier heating-up 
time reduced from go to lo minutes by proper venting ; jam boiling time 
reduced by 30 per cent, and the steam consumption reduced by 20 per cent, 
by proper venting. In the author’s factory the first body of a double effect 
evaporator mysteriously dropped from 18 in. vacuum to atmospheric pressure 
due to the vent on the second calandria having been inadvertently closed. 

Air venting is simple. It only requires patience and enough imagination to 
determine the remote ” point. Every steam heating surface must be pro¬ 
vided with proper means for venting the air. The vent must be at the remote 
point. If in doubt, fit more than one vent. Try to arrange the flow of steam 
inside the heating surface so that the air is definitely swept to one point. 

The brevity of this Chapter is no indication of the importance of the subject. 
The subject is so important that a whole book would be needed to deal ade¬ 
quately with all the possible plants. Northcroft provides the whole book. 
But sufficient has been said to enable anyone to look for the remote point and 
vent it. 

lie 4c )ie 
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CHAPTER 11 


HEAT TRANSFER BY HEATING SURFACE 

• . . One heat another heat expels. 
SHAKESPEARE. Two Gentlemen of Vetona, 1623. 

STEAM heat is transferred in two ways : through a heating surface or by 
direct contact. The mechanism of the molecular movements that bring about 
the heat transfer from the steam to the product have been described in Chapter i. 
Sections 15 and 17. 


325 . HEATING SURFACES AND DIRECT CONTACT. A heating 
surface is a wall with the substance that is to be heated on one side and the 
heat-providing medium on the other. The object of the heating surface is to 
provide a separator which will pass heat, but will not allow the substances on 
either side of it to mix. In most heating or cooling operations, it is quite 
inadmissible to allow such mixing. It clearly would be inadmissible to condense 
steam with dirty canal water in a jet condenser if the condensate were required 
for boiler feed. Another reason for keeping heater and heated separate is to 
enable the heating medium to have a higher temperature than the heated 
product. 

There are, nevertheless, a number of applications where direct steam heating 
can be used. The heating of water is by far the most important. The heating 
of aqueous solutions that are dissolving solids or are being diluted, and the 
special application of the steam distillation of certain high boiling point 
substances are other common uses for direct steam. 

Direct contact calls for the simplest possible plant. Heating surface plant 
is much more costly and much larger, and heating surfaces possess inherent 
drawbacks which are not always easy to circumvent. However, the mainten¬ 
ance of direct contact plant is sometimes more tiresome and more expensive 
than the maintenance of heating surface plant. 


326 . HEAT TRANSFER RESISTANCE. Heat conductivity and electrical 
conductivity are very similar and obey the same laws. Conductance is a 
particular value taking account of thickness or length as w^ell as the physical 
properties of the material. The specific conductance or “conductivity” is 
the conductance per unit length or unit thickness per unit temperature increase 
in unit time. The resistance to heat or to electrical flow must vary directly with 
the length or thickness of the material and inversely as the conductivity. 


Resistance = 


Thickness 

Conductivity 



The resistance to heat flow through a heating surface is built up of several 
resistances : the condensate film, any air blanket, the metal wall itself, scale, 
etc. In just the same way the resistance of an electrical circuit is built up of the 
generator resistance, the feeders, the distribution wires, the motor resistance, etc. 


In an electrical circuit the total overall resistance is found by adding 
together the component resistances. Similarly, in heat flow, we can find 
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the overall resistance to heat transfer by adding together the individual 
resistances. 


Overall Thickness of metal 

Resistance Conductivity of metal 


+ 


Thickness of condensate film 
Conductivity of water 


-i- etc. 




h 

A4 


+ etc. 


(a) 


Now conductance and resistance are reciprocals, so that 


Conductance == -—:- 

Resistance 


(b) 


For heat flow problems we want to know the overall conductance, that is the 
heat that will flow, not the resistance offered to flow. We find this by combining 
the two formulae {a) and (b) just given. 


Conductance 


^ R ^ 


+ b + ^ + b + 


The conductance U is called the Overall Heat Transfer Coefficient or 
Heat Transfer Rate. As the conductivity is expressed as so many Btu/sq. ft./hr./ 
® F. diff./unit thickness, the Heat Transfer Rate will be measured in Btu/sq. 
ft./hr./^^ F. diff. 


Let us now examine the resistance offered to heat flow by an imaginary 
heating surface. For convenience part of Table XIX is repeated below— 
Annexe A. Let us assume that we have a heating surface made of steel J in. 
thick, in a steam calorifier heating water. 


ANNEXE A (from table xix) 


I 


MATERIAL 

btu/sq. FT./HOUR/°r. DIFF./lNCH THICKNESS 

Copper 

2,620 

Steel 

310 

Water 

4 

Scale 

1 to 12 

Air 

•2 


Let us assume that there is a film of condensate 1/100 in. thick on the 
steam side, and that this film is blanketed by a film of air also i/ioo in. thick. 
(Actually this will not be a true “ film ” of air. Diffusion of air molecules into 
the steam and steam molecules into the air is very rapid. There will be an 
increasing concentration of air nearer the heating surface. For pointing the 
heat transfer lesson, however, it will be assumed that there is an actual air 
film.) Let us also assume that there is i/ioo in. of scale on the water side and 
a stagnant film c>f water i/ioo in. thick between the scale and the body of the 
water. (In addition to these films there may be another and very resistant 
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film in evaporators if a film of steam forms on the liquid side of the heating 
surface, see section 348.) We can tabulate this information thus :— 


Item 

Thickness 

Conductivity 

Air 

Li = -OI 

A, = -2 

Condensate 

Lj = 'OI 

A2 == 4 

Steel 

L3 = 25 

A3 = 310 

Scale 

L4 = -OI 

A4 = 2 

Water film 

L5 = -OI 

As = 4 

The Heat Transfer Rate will be :— 

I 

16*45 Btu/sq. ft./hr./® F. diff. 

•OI , -OI , -25 , -OI , -OI 

- 1 - 1 —- 1 - 


■'j 4 310 2 4 

327 . EFFECT OF USING COPPER INSTEAD OF STEEL. The conduc¬ 
tivity of copper is 2,620 against 310 for steel, so that A3 will equal 2,620. The 
Heat Transfer Rate will be :— 

- 1 - = 16-64 

•01 -oi -25 -oi -oi 

I 1 I ^ 

• 2 4 2,620 2 4 

So that, although copper is more than 8 times as good a conductor as steel, 
and although the heating surface is J in. thick, the effect of using copper instead 
of steel is quite negligible in this example. This is because the resistant films, 
so long as they are substantial, are so much more important that the thickness 
or material of the heating surface do not come into the picture. When great 
pains have succeeded in reducing the films it may pay to use copper or brass 
instead of steel. The point that is important is that the metal is the least 
important. 

This bioad statement that the metal of the heating surface is of little 
importance must be accepted with reserve. In Section 348 a state of affairs 
is discus'sed where a great increase in heat transfer rate can be sometimes 
secured by using non-ferrous heating surface. But this effect has nothing to do 
with the heat transfer through the metal, it is a surface effect which increases 
the rate of heat transfer from the steam into the metal. 

328 , EFFECT OF SCALE. Scales vary in composition and the published 
figures of the resistance of scale to heat transfer are very conflicting. Apart from 
the effect of the material composing the scale, other effects may be introduced. 
The tabulation overleaf shows the week’s reduction in Heat Transfer Rate 
of two evaporators in the author’s factory. These evaporators are descaled 
each week-end. The material being evaporated is an impure sugar solution 
entering with 85 per cent, water and leaving after concentration with 30 per 
cent, water. The evaporators are continuous, not batch. 

It is almost impossible to measure the thickness of the scale which is deposited 
niuch more heavily in certain parts of the tubes. Weighing the amount of 
scale removed gives the average thickness as *0012 in., if spread evenly over the 
heating surface. (The scale is actually confined almost entirely to the first effect.) 
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Double Effect 

Double Effect 

Average 


Short Tube 

Long Tube 

of two 


Evaporator 

Climbing Film 

Evaporators 



Evaporator 



Btujsq.ft.jhr.l'^F. diff. 


Monday 

260 

280 

270 

Tuesday 

210 

260 

235 

Wednesday 

200 

220 

210 

Thursday 

190 

220 

205 

Friday 

160 

180 

170 


We can try to calculate the conductivity of the scale thus :— 

If X the overall resistance of the clean tube and any air or liquid films 
and j = the conductivity of the scale 

I I 

- = 270 r, X = - 

X 270 

I 

-== 170 

. -0012 
a: +- 

y 


- == 170 

I -0012 

270 y 

, y == ‘55 Btu/sq. ft./hr./® F temp. diff./Inch thickness. 

This is a lower conductivity than the published figures. The scale com¬ 
position is not very unusual, it is a mixture composed chiefly of calcium sulphate 
with varying proportions of calcium carbonate and calcium phosphate. 

It is possible that the effect of the scale is not simply to insulate the heating 
surface, but by so doing to upset the circulation of the evaporator (see Sections 
366 and 367 in the next Chapter). It was also known that all the scale that 
was removed was not weighed. 

329 . EFFECT OF REDUCING RESISTANT FILMS. We can work out 
all kinds of combinations of film thicknesses and tabulate the results, as in 
Table XLV. 

It is a dull job reading a table, but Table XLV docs deserve reading and 
study because it contains the whole story of heat transfer through a heating 
surface. With films such as may be quite common if no precautions are taken 
to reduce them, it does not matter in the slightest what the thickness of the 
heating surface is or of what material it is made. Halving the thickness of the 
water films or scale makes precious little difference while there is still the 
equivalent of i/ioo in. of air. Halving the air blanket but leaving the other 
films untouched increases the heat transfer rate in the ratio 3 to 5. Until the 
air and the scale have been practically eliminated, there is little use in going to 
the expense of copper. Even when air and scale are eliminated, halving the 
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thickness of a copper heating surface makes practically no difference. It is 
not until all the resistances have been tackled, removed or greatly reduced, that 
the material or thickness of the heating surface has any say in the heat transfer 
rate. So that is why we have had a chapter on air removal, a chapter on con¬ 
densate removal and are going to have two part chapters on material movement. 


TABLE XLV. HEAT TRANSFER RATES WITH 
VARIOUS RESISTANT FILMS 


HEATING 

SURFACE 

CONDENSATE 

FILM 

THICKNESS 

INCH 

NOTIONAL 
AIR IILM 
THICKNESS 

INCH 1 

SCALE 

THICKNESS 

INCH 

WATER HLM 
THICKNESS 

INCH 

OVERALL 

HEAT 

TRANSFER 

RATE 

BTU/SQ. FT.; 
HR./°F. DIFF 

METAL 

THICKNFSS 

Steel 

•25 

•01 

•01 

•01 

•01 

16-44 

Copper 

•25 

•01 

•01 

•01 

•01 

16-64 

Copper 

•01 

•01 

•01 

•01 

•01 

16-67 

Steel 

•25 

•005 

•01 

•01 

•01 

1 16-79 

Steel 1 

•25 

•01 

•01 

•005 

•01 

17-15 

Steel 

•25 

•01 

•005 

•01 

•01 

29-93 

Steel 

•25 

•005 

•005 

•005 

•01 

31-20 

Steel 

•25 

•01 

•01 


•01 

17-9 

Steel 

•25 

•01 

— 

•01 

•01 

92-6 

Steel 

•25 

•01 

— 

““ 

•01 

172 

Steel 

•25 

•005 ' 

' , j 


•005 

302 

Copper 

•25 

•005 

I ““ 

1 _ 

•005 

385 

Copper 

•125 

•005 

1 

1 

-005 

391 

Copper 

•0625 

•0025 



•0025 

790 

Steel 

•25 

_ 

1 



1,240 

Copper 

•25 

— 

1 

1 

— 


10,520 


330 . TEMPERATURE DROP. Drop in temperature in a heating process 
follows the same law as drop in voltage in an electrical circuit. In an electrical 
circuit the voltage drop splits itself up and is directly proportional to the resistance 
of each component. Similarly, the total heat drop across a heating surface will 
be split up into separate drops across the individual films in proportion to the 
resistance of each film. Continuing the electrical analogy, if we know the heat 
transfer rate of a surface and know the amount of heat wc wish to transfer we 
can find the temperature drop that will be required. 

Let us take the example given in Section 326. 


Material 

Thickness 

Resistance ‘ 

° F. Drop per 
F. Totcil Drop 

Air film .. 

•01 in. 

•05 

•8223 

Condensate film . 

•01 in. 

•0025 

•0411 

Steel 

•25 in. 

•000807 

•0133 

Scale 

•01 in. 

•005 

•0822 

Water film 

•01 in. 

•0025 

•0411 
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Now suppose the steam is at 15 psi.g. it will have a temperature of 250® F. ; 
and suppose the water to be heated is at 200® F. The total temperature drop 
is 50® F. and it will be distributed as follows :— 


Across air film 

41 

•1° 

F. 

Across condensate film 

2 

•0° 

F. 

Across steel .. 


■ 7 “ 

F. 

Across scale .. 

4 

■1° 

F. 

Across water film 

2 

•1° 

F. 


5 '^ 

•0° 

F. 

The temperatures at the various points will be :— 




Between steam and air 

250' 

'F. 


Between air and condensate 

2 o 8- 

9 ° 

F. 

Between condensate and metal 

2 o 6- 

9 ° 

F. 

Between metal and scale 

2 o 6- 

2° 

F. 

Between scale and water film 

202- 

1° 

F. 

Between water film and water 

200° 

F. 



Fig. 167a shows an imaginary^ enlarged cross section of this heating surface 
and shows strikingly the effect of these resistant films. The full line shows the 
temperature drops given above. The dotted line shows what the temperature 
drops would be were the air and the scale eliminated. This shows that the 
same heat transfer would be obtained with a 4*8° F. temperature drop instead 
of 50° F. Instead of requiring steam at 15 psi we could use vapour at 4 in. 
vacuum and get the same result. So we learn that by reducing or eliminating 
air, scale, condensate and stagnant heated material films we do any of the 
following useful things : use smaller plant ; get greater output from the same 
plant ; work at lower temperatures ; shorten processing time ; use lower 
pressure steam. All these things are so desirable that we must strive for them 
in every possible way. 

In practice air cannot exist as a homogeneous film. Ordinary diffusion, 
due to the rapid molecular movement, quickly mixes the air into the steam and 
the steam into the air. Acting in opposition to this is the movement of the 
condensing steam towards the heating surface. 

Assume we have steam at 20 psi.g. inside the heating surface of a plant 
that is to boil water under atmospheric pressure and assume that the Heat 
Transfer Rate (see next Section) is 150 Btu/sq. ft./° F. diff./hr. 

The temperature of saturated steam at 20 psi.g. is 259° F. 

So that the temperature difference will be 47° F. 

The total heat transfer will be 

150 X 47 = 7.050 Btu/sq. ft./hr. 

The latent heat at 20 psi is 940 Btu/lb. 

So that the weight of steam condensed = 7.^ Ib./sq. ft./hr. 

940 
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The volume of steam at 20 psi is 


2*0 cu.ft./lb. 


So that the volume condensed will be 

7*5 X 12 

The velocity with which the steam will flow 
towards the heating surface will be 

or 

or 

Now air in such a steam space should diffuse into 
the steam over ^ in. of distance at about 


90 cu. ft./sq. ft /hr. 

90 ft./hr. 

18 m./min. 

•3 m./sec. 

3 in /sec. 


Immediately air blankets the heating surface condensation slows down and 
the rate of diffusion will approach the rate of steam flow towards the surface. 
This will allow steam molecules to reach the surface, but to do so they have to 
shoulder their way through a mass of useless passengers—the air molecules. 
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FIG. 167. TEMPERATURE DROP ACROSS HEATING SURFACE AND ITS ADHERENT 

HEAT-RESISTANT FILMS 


Fig. 167b shows the more hkely temperature drop. As the air concentration 
increases nearer the heating surface, so the resistance to heat transfer increases 
and the temperature curve drops more steeply. 


K* 


( 66233 ) 
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Very little information seems to be available as to the actual effect of air 
in steam on actual Heat Transfer Rates. Some results published by the 
American Institute of Chemical Engineers in 1935 gave the following effect of 
air on the Heat Transfer Rate of the steam side only. 


Per Cent. 

Air by 
Weight 

o 

0*5 
I -o 
1*5 
2-0 

2 - 5 

3 - 0 

If these figures are right it means ihr 
last trace of air bf' removed. 


Per Cent. 

H.T.R. Steam 
side only 

100 

87 

76 

71 

69 

68 

67 

it is of the utmost importance that the 



10 20 30 40 50 60 


TEMPERATURE DIFR-'^F 

FIG. 168 *. VARIATION OF HEAT TRANSFER RATE WITH VARYING TEMPERATURE 
DIFFERENCES AND VARYING TEMPERATURES 

331 . OVERALL HEAT TRANSFER RATE. The separate estimation of 
the constituents of the resistance to heat flow is seldom practicable, and the 
published data is meagre and conflicting. The only thing that matters is the 
overall rate, and provided we bear constantly in mind that it is the films that 
matter we can set about increasing the overall rate. Tests are always done on 
the overall rate and there is a certain amount of published data. This data is 
unsatisfactory. From Table XLV it might be thought that the overall heat 
transfer rate would lie in the tens. Fortunately in most liquid heating problems 


* By permission of the Rcinhold Publishing Corporation. 
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this is not so. It is possible so to reduce the films as to bring the rate into the 
hundreds. Laboratory results have even reached the thousands. 

Heat transfer rate per ° F. of temperature difference not only increases with 
higher average temperature but increases with greater temperature differences. 
It seems that the principal reason for the improvement at higher temperature is 
due to a reduction in viscosity of the heated liquid, thus making the liquid 
flow more easily and the liquid films thinner. 

Fig. 168 shows the effect of increased temperature difference and increased 
actual temperature on boiling water, as determined by Badger on a semi-full 
scale laboratory plant. 

For space heating and low temperature drying, the published figures seem to 
show that heat transfer rate to air appears to vary almost directly with tempera¬ 
ture drop. Temperature does not seem to be so important with air as with 
liquids. 

Tabic XLVI gives a few figures collected from various sources. Different 
ol3servers give quite different figures for the same operation on similar plant. 
This, really, is only to be expected, i/iooo in. of air would make all the 
difference and might well halve or double the figure. 

TABLE XLVI. PUBLISHED OVERALL HEAT 
TRANSFER RATES 


PLANT 

CONDITIONS j 

BTU/SQ. FT./H0UR/®F. DIFF. 

Condenser 

Water flowing at 1 ft./sec. 

150 to 400 

Condenser 

Water flowing at 2 ft./sec. 

200 to 550 

Condenser 

Water flowing at 4 ft./sec. 

250 to 750 

Boiler 

Gas to water 

2 to 8 

Economiser 

Gas to water 

1 to 5 

Superheaters 

Gas to steam 

2 to 6 

Tank coils 

Temp, difference 50® F. .. .. .. 

100 to 225 

Tank coils 

Temp, difference 100® F. 

175 to 300 

Tank coils 

Temp, difference 200® F. 

225 to 475 

Air heater 

Convection only 

2 

Air heater 

Air velocity 1 ft./sec.") r 

3 

Air heater 

Air velocity 5 ft./sec. >Temp. diff. 100® F. J 

5 

Air heater 

Air velocity 10 ft./sec. J 1^ 

8 


From Table XLVI we can learn several important things. Heat transfer 
in practice is largely an experimental art. The higher the temperature at 
which the operation is carried out the higher the rate of heat transfer. The 
higher the velocity of the heated material the higher the heat transfer rate. 

From the rather foggy field of Table XLVI and from certain other figures 
we will back our fancy and produce Table XLVII. 

Fortunately we steam users can pass the onus of designing heat transfer 
plant on to the manufacturers who, by long experience, have a store of data 
which enables them to foretell heat transfer rates for various materiak and 
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applications with fair certainty. The important thing that the user must always 
remember is that the working of any heat transfer plant is dependent on the 
elimination or reduction of the resistant films. 


TABLE XLVII. REASONABLE PRACTICAL HEAT 
TRANSFER RATES 


OPERATION (on WATER OR DILUTE LIQUORS) 


CaJorifiers and condensers with low velocity liquid .. 
Calorifiers and condensers with high velocity liquid .. 


BTU/SQ. FT./HOUr/°F. DIFF. 


150 

300 


Tank coils, low pressure with natural circulation 
Tank coils, high pressure and natural circulation 
Tank coils, low pressure with assisted circulation 
Tank coils, high pressure with assisted circulation 


100 

200 

200 

300 


Natural circulation evaporators with low pressure steam 
Natural circulation evaporators with high pressure steam 
Assisted circulation evaporators .. 


300 

500 

750 


Space heating by water—convection only . 

Space heating by steam—convection only . 

Space heating by steam—10 ft./sec. air velocity .. .. i 

I 


1-5 

2 

8 


332 . HEAT TRANSFER RATE AND TOTAL HEAT TRANSFER. In 
the next 40 Sections the effect of various things on Heat Transfer Rate will be 
discussed. On many occasions it will be said that this or that decreases the 
Heat Transfer Rate. That does not necessarily mean that the Total Heat 
Transfer has been reduced. Heat Transfer Rate is the Heat Transfer from a 
unit area, in a unit time per degree of Temperature Difference. 

It will be stated later that the effect of operating at a lower temperature, 
in say an evaporator, is to reduce the Heat Transfer Rate. But by reducing the 
boiling temperature in the evaporator the temperature difference may have 
been increased. The Total Heat Transfer may therefore be unchanged, or may 
even be increased. 

Look back at Fig. 168, Section 331. Suppose we are evaporating a liquid 
which is boiling at 212° F. under atmospheric pressure and that the heating 
is being done by 5 psi steam. The temperature difference is 227 — 212 = 
15® F. The top curve of Fig. 168 shows that the Heat Transfer Rate will be 
about 395, and the Total Heat Transfer will be 395 x 15 = 5,925 Btu/sq. 
ft./hour. 

If now we do the evaporation under the modest vacuum of 18*5 in., the 
liquid will boil at 167° F. If the temperature difference is kept constant at 
15® by using vapour at 13*5 in. vacuum for heating the evaporator, it will be 
seen from the second curve in Fig. 168 that the Heat Transfer Rate will drop 
to 280 and the Total Heat Transfer will be 280 x 15 = 4,200 Btu/sq. ft./hour. 
If however 5 psi steam is retained for heating, the temperature difference will 
be 227 — 167 = 60° and the Heat Transfer Rate will be 500. The Total Heat 
Transfer will be 500 x 60 = 30,000 Btu/sq. ft./hour. 
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333 . IMPORTANCE OF MOVEMENT. Fig. 167 shows most strikingly 
that we need not worry much whether our heating surface is i in. thick or 
J in. thick or whether it is made of steel or copper, until we have dealt with the 
films. The air film—the most resistant—can be almost eliminated by giving 
the steam a good quick path to a remote venting point. The condensate 
film is greatly reduced by good design, not only to enable the film to run freely 
down and away but to give the steam every chance to brush the film along. 
Steam circulation, dealt with in Chapter i8, helps these things and sometimes 
has useful applications. Movement of the material to be heated is generally 
very important and is often not given the attention it deserves. 

In Fig. 167 the stagnant liquid film is taken to be water i/ioo in. thick. It 
might be tar or molasses J in. thick. Data as to the conductivities of materials other 
than water or oil are extremely scarce and what there are are often conflicting. 
If the material is very viscous it is probable that the stagnant material film will 
be the largest component of the resistance opposing heat transfer. Fig. 169 



FIG. 169*. VARIATION OF HEAT TRANSFER RATE VSOTH VISCOSITY IN SUGAR 

SOLUTIONS 


shows the relation between heat transfer and viscosity of the less viscous sugar 
solutions. Most of the sugar solutions dealt with by the sugar refiner are denser 
than those shown in Fig, 169, where it can be seen how rapidly the viscosity 
rises, and the heat transfer falls, with increased density. 

Viscosity can only be reduced by increase of temperature or by dilution. 
High temperatures may be technically impossible. Many organic liquids will 
not tolerate high temperatures. The process may be evaporation or concen¬ 
tration—the reverse of dilution. In many cases then, we just have to make the 
best of viscosity and the stagnant film must be dragged along, torn off, mixed 
up. This can only be done by giving the material as much movement as possible, 
by making the movement easy, by avoiding stagnant corners. With very 
viscous materials it is of little use relying on natural circulation or flow. Some 
industrial process materials have a consistency not unlike sausage-meat coupled 
with a stickiness beyond the dreams of small boys. 


By permission of the Reinhold Publishing Corporation. 
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334 , MOVEMENT IN CALORIFIERS AND HEAT EXCHANGERS, 

A calorifier or heat exchanger is essentially a large heated pipe. The movement 
is just the flow through the vessel. If there is sufficient head, either static head 
or head from a pump, the velocity through the heat exchanger can be made 
within limits, as high as we like. Suppose the calorifier has 2 in. tubes and each 
tube is 7 ft. 6 in. long, each tube will have a capacity of one gallon. Suppose 
96 gallons per minute of liquid are to be heated and there are twelve tubes in 
one single bank, the rate of flow will be i ft./sec. If the vessel is now changed 
to double pass, with 6 tubes in each pass, the flow will be increased to 2 ft./sec. 
With three passes of 4 tubes each, the velocity would be 3 ft./sec. ; with 4 passes 
of three tubes each, 4 ft./see., and so on until the limit is reached at 12 passes 
of one tube each giving 12 ft./sec. 

What improvement in heat transfer can be expected by an increase in liquid 
velocity ? This depends on the type of flow through the pipe or tube. Flow 
can be of three types: ‘'Streamline”, “Turbulent” or “Transitional”. 
The type of flow is determined by the “Reynolds Number” (Re)- This 
sounds much more daunting than it really is. The flow of fluids was studied 
by Osborne Reynolds who devised his “Number” in 1875. The Reynolds 
Number takes account of the velocity of flow, V in ft./sec., the pipe diameter, 
D in feet, the density of the liquid, p in Ib./cu. ft., and the visco^iity, in 
lb./ft. .sec. units. 

The Reynolds Number Re = 

When Re is less than 2,100 the flow is Streamline. 

When Re is more than 10,000 the flow is Turbulent. 

Between 2,100 and 10,000 the flow may be Transitional or it may be 
Turbulent. 

Above about 4,000, water can be assumed to be in Turbulent flow. 

Viscous liquids should not be assumed to be in Turbulent flow until the 
Reynolds number exceeds 10,000. 

When the flow is Streamline the heat transfer rate is proportional to the 
cube root of the velocity. 

When the flow is Turbulent the heat transfer rate is proportional to the 
eight-tenths power of the velocity. 

At Transitional flows all kinds of queer relations have been reported and it 
is not possible to be precise. (See McAdams, Section 805.) 

The viscosity of water is given in Section 797, Table LXXIX. 

Suppose we are heating water from 100° F. to 160° F. in a calorifier with 
2-in. tubes. The heat transfer rate of the particular calorifier is, say, . 100 Btu/ 
sq ft./°F./hr., and the velocity of flow is i ft./sec. We wish to know what 
improvement would result from putting up the flow to 2 ft./sec. and to 4 ft./sec. 

The density of water between these temperatures changes little and can be 
taken at 62 Ib./cu. ft. The viscosity from Table LXXIX is -00043 ^b./ft. sec. 
at 100® F. and -000269 lb./ft. sec. at 160° F. 
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The Reynolds Number at ioo° F. will be 

VDp I X -167 X 62 

-=- L - = 24,079 

*00043 

The flow is therefore turbulent, and the H.T.R. will vary as V® 


Log I = o Log 2 == *301 Log 4 = *602 

o X *8 — o *301 X -8 == -2408 -602 X *8 = -4816 

Antilog o = I Antilog • 2408 =1*74 Antilog • 4816 = 3 • 03 

Increase of heat transfer rate due to increase of velocity from i to 2 ft./sec. 
will be 1*74 times. 

Increase of H.T.R. due to increase of velocity from 2 to 4 ft./sec. will be 
2*02 

i =1 1.74 times. 

1*74 

Table XLVIII gives a few heat transfer rate-velocity relations starting from 
100 Btu/sq. ft./° F./hr. with turbulent flow. 


TABLE XLVIII. EFFECT OF WATER VELOCITY 
ON HEAT TRANSFER RATE 


{Tuibulent Flow) 


RELATIVE 

LIQUID VELOCITY 

HEAT TRANSFER 
RATE 

1 

100 

2 

174 

3 

241 

4 

303 

5 

362 

6 

419 

7 

474 

8 

527 

9 

580 

10 

630 


Now suppose we wished to heat a 70 per cent, sugar solution over the same 
temperature range in the same calorifier. The viscosity at 100° F. will be about 
• I lb./ft. sec., and the density about 83 Ib./cu. ft. so that :— 

I X *167 X 


Re 


13 =.38. 


6 . 


At 160° F. the viscosity will be about -015 Ib./ft. sec. This is a great 
reduction but not nearly enough to bring the Reynolds Number above the 
Streamline flow value. So the H.T.R. will vary as 


Log I = o Log 2 == -301 Log 4 = -602 

o X *33 =0 -301 X *33 == *0993 -602 X *33 = -1987 

Antilogo = I Antilog *0993 == 1-257 Antilog *1987 = 1*580 

Doubling the velocity in the case of this viscous liquid only increases the 

H.T.R. by I *257 times ; = i *257). 

1*257 
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The increased velocity shows a marked improvement but, of course, the 
resistance of a multi-pass heater must be overcome by pumping. It is impossible 
to say what the resistance of a multi-pass heater will be. The calorifier makers 
have data based on experience. We have to balance the claims of a sniall 
heater, quick liquid passage and large pumping cost against little or no pumping 
cost, slow liquid passage and large calorifier. 

When in doubt, a liquid velocity of about 4 ft./sec. is a good compromise 
(provided the liquid is not particularly viscous) between pumping power, 
calorifier size and liquid movement. Very viscous materials such as tar or 
molasses can only safely be dealt with on the basis of past experience. 

335 . VALVELESS PUMP. For effecting movement of viscous liquids in 
calorificrs or heat exchangers it is quite impossible to use multi-pass heaters 
because the power required would be out of all reason. It is possible to use a 
single pass heater and yet get quite a fast liquid movement if a slow-speed 
reciprocating valveless pump which uses quite a moderate amount of power, 
is put in the pipe line. 



|At3- 


CONDENSATE 


FIG. 170 . SINGLE ACTING VALVELESS PUMP IMPARTING 
RECIPROCATING MOVEMENT TO MATERIAL IN 
HEAT EXCHANGER CLOSE TO THE SUPPLY TANK 


Fig. 170 shows a valveless pump connected to the line in a system where 
the calorifier or heat exchanger is very close to the supply tank. The pump 
imposes a reciprocating movement on to the flow of liquid so that it flows say 
2 ft. 3 in. forwards and 2 ft. back. Provided the discharge pipe is long or is 
controlled by a stop valve there is no need for any valve in the pump, in fact any 
valve in the pump would spoil the whole thing. The liquid surges to and fro 
through the heater in and out of the tank. If the discharge pipe is short or 
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open-ended it may be necessary to fit a constriction, by valve or orifice, at 
point A to prevent the pump reciprocating the liquid in the discharge pipe 
instead of through the heat exchanger. 

\Vhere the heater is some way from the supply tank, or where there is no 
supply tank to absorb the surge, the pump should be double acting, as shown 
in Fig. 171. The pump must still be valveless. One side of the piston absorbs 
the surge produced by the other side. If the supply and discharge lines are 
long and not too large they will accept none of the surge. This arrangement 
has great benefits. The lower the resistance offered by the calorifier the easier 
can the pump produce a good movement and the less power will be needed. 
The lower the resistance of the heater the less chance there is of the surge 
being transmitted to the supply or discharge pipes. 

The valveless pump is not merely useful for viscous liquids. Wherever 
there is a low velocity heat exchanger whose heat transmission requires 
improving the valveless pump may be the economical answer. 



FIG. 1 71 . DOUBLE ACTING VALVELESS PUMP IMPARTING 
RECIPROCATING MOVEMENT TO MATERIAL IN HEAT 
EXCHANGER IN THE MIDDLE OF A LONG PIPE LINE 

336 . MOVEMENT IN TANKS AND VATS. The natural circulation due 
to convection currents in a tank, vat or beck depends on the shape of the vessel, 
the arrangement and temperature of the heating surface and the properties 
of the liquid. It is almost impossible to lay down any general figure that would 
be trustworthy. One thing only is fairly certain, namely that natural circulation 
is usually totally inadequate for even modest heat transfer. 
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Movement can be improved by propellers, paddles or by pumping ; it is 
sometimes done by compressed air or open steam ; good results may be got by 
means of a displacer. Heat transfer in vats and tanks is often so bad that 
it deserves care and attention which will be well repaid. Many products 
suffer from local stewing in a Iieated tank ; often the coils get coated wath a 
thick scale of burnt product, still further retarding heat transfer. 

337 . PROPELLER CIRCULATION. The propeller is tempting. It is 
cheap and small and easily fitted. The results are often disappointing. Arrange¬ 
ments such as are shown in Fig. 172 are not always satisfactory. The propeller 
is often too small, generally runs too fast and has the wrong shape of l^lade. 
To get good results the propeller should be shrouded in a sleeve, but this is 
dillicult to arrange if the level of liquid in the tank varies. The arrangement 
shown in Fig. 172b is often little more than a gesture. Comparing power used 
with result obtained, ]iropeller circulation is probably the least satisfactory of 
all the ways of mechanically moving tank contents. 




FIG. 172. propeller CIRCULATORS 

338 . PADDLE CIRCULATION. There is much to be said for the good old 
five-barred gate trundling slowly round. It uses very little power. It is low¬ 
brow and simple. It is robust and cheap. The power needed is not great and 
there is little or no churning. (Much of the power put into propellers is wasted 
in local churning.) The liquid is made to pass fairly rapidly along the heating 
coils, but there may be a tendency for it to rotate in layers of different 
temperature and different density. These layers are to some extent broken up 
by the natural convection currents which can be augmented by giving the 
paddle bars a twist so that the liquid tends to be displaced downwards in the 
centre of the tank and upwards round the outside. Fig. 173 shows such a 
simple three-barred paddle with twisted arms. 

339 . PUMP CIRCULATION. Pump circulation is positive, but to ensurq 
complete circulation of the whole of the tank contents means drawing from the 
bottom of the tank and discharging high up. If the tank is only quarter or half 
full this causes aeration, which may encourage oxidization, which may be 
inadmissible, or may cause foaming. For these reasons pump circulation is not 
always the easy method that it appears at first sight to be. It is very difficult 
with pump circulation, to make the forced circulation follow the natural 
circulation. Generally pump circulation is not a very good method, though 
there may be some situations where it is adequate and certain. 
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340 . HIGH-CAPACITY LOW HEAD IMPELLERS. When the liquid in 
the vat or tank is always at a constant definite level a special form of high 
capacity low head impeller can often be used with meat effect. The application 
is particularly useful where a very violent circulation is necessary, but the 
liquid level must be within a few inches of exactitude for the impeller to work 
properly. 



FIG. 173. PADDLE CIRCULATOR 



Fig. 174 shows such an impeller in a tank in the author’s factory, where the 
problem is to cool a sugar solution rapidly by means of coils containing 
refrigerated brine. The impeller is a large-diameter crude vaned rotor. It is 
just submerged and no more. The static head against it is therefore only its 
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own depth. Being shrouded, it does not churn and is fairly efficient. It draws 
the liquid from below the centre of the impeller and spreads it over the whole 
surface of the tank. The impeller shown in Fig. 174 circulates 6,500 gallons 
per minute for a power consumption of 5 H.P. at 70 r.p.m. 

341 , DISPLACER CIRCULATION. If a body with a large volume is 
placed in the tank and then moved, the liquid must flow into the space just 
vacated by the displacer. A displacer is shown fitted in a tank in Fig. 175 
its action is self-evident. As the displacer rises and falls the liquid flows to and 
fro across the coils. If the displacer is made about the same weight as the liquid 
it displaces and if it is roughly streamlined, it uses relatively little power. It is 
piobabl)' the most mechanically efficient of all forms of circulator, but the 
mateiia^ in the corners remains stagnant, unless the corners are rounded to a 
big ladiub. 




FIG. 175 . SINGLE-ACTING DISPLACER FOR SMALL OR CIRCULAR VATS 

Fig. 176 shows the method of applying the displacer principle to a long 
tank. A diaphragm plate is fitted in the middle of the upper part of the tank 
to compel the material to flow over the heating surface. 



riG. 176. DOUBLE-ACTING DISPLACER FOR LONG TANKS 


342 . AIR JET CIRCULATION. Circulation by means of air blown into 
the tank is often used. From a purely thermodynamical point of view this 
method has nothing to recommend it. Compressed air on expansion gets cold 
and takes good heat out of the product into which we are trying to put heat. 
Compressed air is the most inefficient method of transmitting mechanical 
action. In some processes the oxidizing effect of air is detrimental. On the 


304 




HEAT TRANSFER BY HEATING SURFACE §342-344 

Other hand there are some processes where an air stream blown through the 
liquid removes undesirable volatiles and where some oxidization is wanted. 
In such cases air can be a really admirable circulating tool. The air jets take 
up little or no space ; they can be fitted in the most suitable part of the vessel. 
Violent agitation can be secured. If the air is used primarily for oxidization or 
for carrying away volatiles the air jets should probably be small. Perforations 
in a pipe may be adequate. If, however, the air is primarily to induce movement 
the air jets should be large—we want great footballs of air to act as displacers. 

For this purpose a slow speed reciprocating air pump without an air receiver 
will give a good pulsating movement. By fitting a tube in the tank with the air 
jet at the bottom, we can get a positive air lift circulation up the tube and down 
the outside. 

343 . STEAM JET CIRCULATION. Steam jets for aiding circulation are 
seldom used in conjunction with heating surfaces. If directly injected steam is 
permissible there is no need to go to the expense of heating surface. The real 
criminals in the use of steam jets for circulation are some of the textile plants. 
Dye becks are brought up to heat by means of open steam and the steam is then 
used to promote circulation. This fills the dye-house with steam ; wastes 
much of the heat in the steam and has little to recommend it except technical 
tradition. It is a highly technical matter and must be left to the experts, but 
on the face of it live steam, for circulation only, is a most extravagant way of 
doing it. 

344 . FINS OR GILLS. Gilled pipes are not used nearly as much as they 
deserve to be. Where heat transfer resistance is principally made up of the 
heated film, as in the heating of air or of viscous liquids, a plain pipe is just 
silly. It has a relatively huge steam volume and a relatively low heat transfer. 
Steam flow is therefore very slow, which encourages the formation of air and 
condensate films inside the pipe. If plain pipes are placed very close together 
in order that viscous liquid shall not flow disinterestedly through the heater, 
a great obstacle is offered to the flow. Gills or fins slice the heated product up 
into rashers while offering very little resistance to flow. Fins or gills enable 
a large heating suiface to be produced from a very small pipe, thus allowing 
brisk movement of the heating steam or water. There is of course no application 
for gills if the material is such as will clog the spaces between the fins or gills. 
It should be evident that with very viscous materials in sluggish flow it is 
necessary to provide a much greater heating surface outside the pipe to transfer 
the heat fiom pipe to product than is required inside the pipe to transfer the 
heat from the heating medium to the pipe. 

Fig. 177a shows an arrangement of finned heating pipes applied to an 
exceedingly difficult heating problem in the author’s factory. The “ liquid ” 
consists of cool molasses with 40 per cent, of sugar crystals in suspension. Its 
consistency is similar to that of warm asphalte as it is applied to a city street. 
The process aims at reducing the viscosity of the molasses by heat prior to 
separating the crystals. It is essential that the supersaturation of the molasses 
be not reduced to below saturation, or the crystals, so laboriously extracted, 
would be redissolved. The temperature of the heating medium—^in this case 
water—^must not therefore exceed the saturation temperature of the molasses. 
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The maximum permissible temperature difference is 45° The heat transfer 
rate is quite remarkable—3 Btu/sq. ft. of fins/hour/® F. diff. or the equivalent 
of 75 Btu/etc. from the plain surface of the pipe. The heater is a 3 foot pipe 
35 feet long and the rate of flow is extremely small—4 inches per minute. 

The fins are interrupted every two feet and their angular position turns 
slightly so as to prevent material lying stagnant in the upper V’s. 

PERCENTAGE AREA PERCENTAGE AREA 

BLOCKED BY 2" FINNED BLOCKED BY iHi' PLAIN 



equal AREAS OF KEATING SURFACE 


FIG. 177. FINNED HEATING SURFACE FOR ULTRA VISCOUS 
LIQUIDS AND EQUIVALENT HEATING SURFACE WITH PLAIN TUBES 

Fig. 177b shows the cross section of the heater if plain pipes were used. 
The hen ting surface offers so much obstruction tliat there would be little or no 
flow of material. The obstructed cross section would be 23 per cent, of the 
total cross section, whereas with the finned pipes in Fig. 177a the heating 
surface only represents an obstruction of 81 per cent. 

In Fig. 174 the brine cooled pipes are provided with gills for a similar 
reason. \Vcre plain pipes used the obstruction to circulation would be excessive. 
The rate of cool ” transfer in this process is 45 Btu/etc. equivalent to 102 
Btu/etc. for the ungilled surface. The gills increased the surface by rather more 
than 100 per cent., and increased the Heat Transfer by 36 per cent. 

345 . WHAT IS THE HEATING SURFACE? In a small diametered tul)e 
or in a thick-walled tube the inside surface of the tube is distinctly smaller tlian 
the outside surface. Which surface should be taken when trying to decide 
upon the heating surface that a particular job requires, or when trydng to esti¬ 
mate the performance of a plant ? 

The answer is really quite straightforward. In the books on heat transmission 
the matter is gone into at considerable mathematical length. In view of the fact 
that wc do not know very much about heat transfer rates for different materials 
and plants there is no need for anything but the simplest of approximations. 
When the heating and the heated media are under approximately the same 
conditions and have similar properties, we can take the average of the inside 
and outside heating surfaces. When the conditions are very different we must 
take the heating surface that is doing the most difficult job. 

Suppose we have an economiser with cast iron tubes 4 in. internal diameter 
and I in. thick. The inside surface will have an area of i -047 sq. ft./ft. length 
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and the outside surface will be i -44 sq. ft./ft. There is no doubt as to which 
surface to take. It is easy for the metal to part with its heat to the water but 
very difficult for the metal to take up heat from the gases. So the outside 
surface must be taken. 

A copper tube I in. diamete r and 16 S.W.G. will have an inside diameter 
of • 5 in. and an outside diameter of • 628 in. The inside surface will correspond 
to 7*64 feet of length to the sq. ft. and the outer surface will be 6 *08 feet run 
to the sq. ft. If a water-cooled oil-cooler is made of i in. copper tube with the 
oil inside the tube, then we take the inside surface. If the oil is outside the tube 
then we take the outside surface because the oil is viscous and heat transfer 
is much lower between metal and oil than between metal and water. 

Table XLIX shows the surface area of small bore pipes as linear feet per 
square foot of surface, and Table L shows the surface area of larger pipes as 
square feet of surface per foot run of pipe. 


TABLE XLIX. FEET LENGTH PER SQUARE FOOT 
OF SURFACE OF TUBES OF SMALL DIAMETER 


DIA¬ 

METER 

j -OO" 

I 

•01" 

•02" 

1 ! 

1 -OS" 

1 

1 

1 

1 '0^" 

1 

•05" 

)6’ 

1 

*07" 

*08" 

*09" 

0" 

1 

382 

191 

127 

1 

95*5 

76*4 

63*7 

54*6 

47*7 

42*4 

•r 

38*2 

34*7 

31*8 

29*4 

27*3 

25*5 

23*9 

22*5 

21*2 

20*1 

•2" 

19*10 

18*19 

17*36 

16*61 

15*92 

15*28 

14*69 

14*15 

13*64 

13*17 

•3" 

12*73 

12*32 

11*94 

11*57 

11*23 

10*91 

10*61 

10*32 

10*05 ; 

9*79 

•r 

9*55 

9*32 

9*09 

8*88 

8*68 

9*49 

8*30 

8-13 

7*96 1 

7*80 

•5' 

1 7*64 

7*49 

7*35 

7*21 

7*07 

6*94 

6*82 

6*70 

6*59 

1 6*47 

•CV' 

6*37 

6*26 

6*16 

6*06 

5*97 

5*88 

5*79 

5*70 

5*62 

5*54 

•1' 

1 5-46 

5*38 

5*31 

5*23 1 

5*16 

5*09 

5*02 

4*96 

4*90 

1 4*84 

•8' 

1 4*77 

4*72 

4*66 

4*60 

4*55 

4*49 

4*44 

4*39 

4*34 

4*29 

•9' 

1 4-24 

4*20 

4*15 

4*11 

4*06 

4*02 

3*98 

3*94 

3*90 

3*86 

1*0" 

3*82 I 

3*78 i 

3*74 

1 3*71 

3*67 

3*64 

3*60 

3-57 

3*54 

3*50 

M" 

3*47 1 

3*44 

3*41 1 

3*38 

3*35 1 

3*32 

3*29 

3-26 

3*24 

3*21 

1*2'' 

3*18 

3*10 

3*13 

3*11 i 

3-08 

3*06 

3*03 

3*01 

2*98 

2*96 

1 * 3 ' 

2*94 

2*92 

2*89 i 

2*87 i 

2*85 

2*83 

2*82 

2*80 

2*78 

2*76 

1*4" 

2*73 1 

2*71 

2*69 i 

2*67 i 

2*65 

2*63 

2*62 

1 2*60 

, 2*58 

1 2*56 

1*5" 

2*55 

2*53 

2*51 

2*50 

2*48 

2*46 

2*45 

2*43 

' 2*42 

2*40 

1*6" 1 

I 2*39 

2*37 

2*36 

2*34 

2*33 i 

2*31 

2*30 

2*29 

2*27 

2*26 

1*7" 1 

1 2*25 

2*23 

2*22 

2*21 

2*20 

2*18 

2*17 

2*16 

2*15 

2*13 

1*8" ' 

' 2*12 

2*11 

2*10 

2*09 

2*08 

2*06 

2*05 

2*04 

2*03 

2*02 

1*9" ' 

2*01 

2*00 

1*99 

1*98 

1*97 

1*96 

1*95 

1*94 

1*93 

1*92 

2*0' 

1 91 

1*90 

j 

1 89 

1*88 

1 87 

1*86 

1*85 

1*85 

1*84 

1*83 

2*1" 

1*82 

1*81 

1*80 1 

1-79 

1*78 

1*78 

1*77 

1*76 

1*75 

1*74 

2*2" 

1*74 

1*73 

1 1*72 ' 

i 71 

1 1*71 

1*70 

1*69 

1*68 

1*68 

1*67 

2*3" , 

1*66 

1*65 

1*64 

1*64 

! 1*63 

1*63 

1*62 

1*61 

1*60 

1*60 

2*4" 1 

1*59 

1*58 

1*58 

1*57 

1*57 

1*56 

1*55 

1*55 

1*54 

1 53 

2*5" 

1*53 

1*52 

1*52 

1*51 

' 1*50 

1*50 

1*49 

1*49 

1*48 

1*47 

2*6" 

i 1*47 

1*46 

1*46 

1*45 

1*45 

1*44 

1*44 

1*43 

1*43 

1*42 

2*7" 

1*41 

1*41 

1*40 

1*40 

1 1*39 

1*39 

1*38 

1*38 

1*37 

1*37 

2*8" 

1*36 

1*36 

1*35 

1*35 

1*34 

1*34 

1*34 

1*33 

1*33 

1*32 

2*9" 

1 

1*32 

1*31 

1*31 

1*30 

: 1*30 

1*29 

1*29 

1*29 

1*28 

1*28 
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TABLE L. SQUARE FEET OF SURFACE PER FOOT 
OF LENGTH OF TUBES OF LARGE DIAMETER 


DIA- 

METFK 

j 

1 

1 

1 -3" 

1 -r 

r- 

i 

1 -7' 

i 

I . 9 ^ 

1 

30^ 

•787 

•811 

•838 

-864 

•890 

-916 

-942 

-969 

-995 

1-021 

4-0^ 

1-047 

1-073 

MOO 

1-126 

1-152 

1-178 

1-204 

1-230 

1-257 

1-283 


1-309 

1-335 

1-361 

1-388 

1-414 

1-440 

1-466 

1-492 

1-518 

1-545 


1-570 

1-597 

1-623 

1-649 

1-676 

1-702 

1-728 

1-754 

1-780 

1*806 

70^ 

1-833 

1-859 

1-885 

1-911 

1-937 

1-963 

1-990 

2-016 

2-042 

2-068 

8 - 0 " 

2-09 

2-12 

2-15 

2-17 

2-20 

2-23 

2-25 

2-28 

2-30 

2-33 

9-0^ 

2-36 

2-38 

2-41 

2-43 

2-46 

2-49 

2-51 

2-54 

2-57 

2-59 

100 " 

2-62 

2-64 

2-67 

2-70 

2-72 

2-75 

2-78 

2-80 

2-83 

2-85 

11 - 0 " 

2-88 

2-91 

2-93 

2-96 

2-98 

3-01 

3-04 

3-06 

3-09 

3-12 

12 - 0 " 

3-14 

3-17 

3-19 

3-22 

3-25 

3-27 

3-30 

3-32 

3-35 

3-38 

13*0" 

3-40 

3-43 

3-46 

3-48 

3-51 

3-53 

3-56 

3-59 

3-61 

3-64 

14*0’ 

3-67 

3-69 

3-72 

3-74 

3-77 

3-80 

3-82 

3-85 

3-87 

3-90 

15*0" 

3*93 

3-95 

3-98 

4-01 

4-03 

4-06 

4-08 

4-11 

4-14 

4-16 

16-0" 

419 

4-21 

4-24 

4-27 

4-29 

4-32 

4-35 

4-37 

4-40 

4*42 

17*0" 

4-45 

4-48 

4-50 

4-53 

4-56 

4-58 

4-61 

4-63 

4-66 

4-69 

18-0" 

4-71 

4-74 

4-76 

4-79 

4-82 

4-84 

4*87 

4-90 

4-92 

4*95 

19-0" 

4-97 

5-00 

5-03 

5-05 

5-08 

5-11 

5-13 

5-16 

5-18 

5-21 

20 * 0 " 

5-24 

5-26 

5-29 

5-31 

5-34 

5-37 

5-39 

5-42 

5*45 

! 5*47 

21 0" 

5-50 

5:2 

5-55 

5-58 

5-60 

5-63 

5-65 

5-68 

5-71 

5-73 

22-0" 

5-76 

5-79 

5-81 

5-84 

5-86 

5-89 

5-92 

5-94 

5-97 

6-00 

23*0" 

6-02 

6-05 

6-07 

6-10 

6-13 

6-15 

6-18 

6-20 

6*23 

6-26 

24-0" 

6*28 

6-31 

6-34 

6-36 

6-39 

6-41 

6-44 

6-47 

6*49 

6-52 


346 . HEATING TRANSMISSION PIPES. Where viscous fluids must be 
piped long distances great resistance is offered to flow unless the size of the pipe 
is beyond reason. Where the pipe is in fairly constant use it should be jacketed 
and warm water, possibly waste condenser water, can be passed through the 
jacket. Jacketed pipes can be purchased and are catalogued. Where the pipe 
is only in occasional use the most practical way is to wind a helix of insulated 
wire round the pipe between the pipe surface and the lagging and pass current 
through. Quite a modest current will work wonders. In the author’s factory 
a molasses delivery pipe i8o ft. long and 12 inches diameter with a fall of i in 23, 
is used once or twice a week. The time of reaching full flow has been reduced 
by between 15 and 45 minutes dependent on the weather by winding a coil of 
wire round the pipe. The current consumption is only 24 kW. 

347 . NO HEAT TRANSFER. Many years ago a product made its appear¬ 
ance in the author’s factory which appeared in no way different from the normal 
product produced at this part of the process. This product requires concen¬ 
tration and crystallisation so that the starting water content of about 40 per cent, 
is reduced to about 7 per cent. The process normally takes about 7 hours. 
With this material no appreciable heat transfer took place in 14 hours. The 
material was examined for heat conductivity, viscosity, specific heat, etc., 
but no physical characteristic appeared to be in any way abnormal, nor was 
there anything the matter with the plant or the heating steam. The material 
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(which had its origin in Poland) just refused to boiL The mystery was never 
solved and the material had to be mixed away with normal material. 

348 * DROP CONDENSATION. The surface of a liquid behaves rather 
like a very thin elastic bag. The effect of this surface tension ” is seen in 
many everyday sights. A drop of water immediately tries to become a sphere. 
The tension of the surface tries to make the surface as small as possible—just 
like a rubber balloon. The water in a glass will stand quite high above the 
rim of the glass until the hydrostatic head of the water overcomes the surface 
tension. A drop of water dropped into oil or petrol will not spread as a thin 
layer over the bottom of the container. The water gathers itself together into 
a ball, or if it is large, into a bun. Water has a very high surface tension and is 
always trying to gather itself into drops. When water is deposited on a surface 
it tries to gather itself together into drops. It will do this on oily glass. Polished 
nickel particularly objects to being “ wetted ” by water. A rough dirty surface 
“ wets ” easily. The reasons that govern the wetting of surfaces are imper¬ 
fectly understood—at any rate by the author. If a heating surface could be 
made in such a way as not to wet, heat transfer would be very greatly 
improved because immediately a film of water a few molecules thick had 
deposited by condensation it would gather itself together into a drop. This 
is the principle of “ Drop Condensation ” about whxh a good deal has been 
written in recent years. For most ordinary purposes there is no need to consider 
such a refinement. But, if for some reason the plant must be reduced at all 
costs to the smallest possible size, it might be worth while trying to ensure drop 
condensation inside a steam heating surface. Unless all the other resistant 
films can be reduced to almost negligible effects there is seldom any marked 
gain to be obtained from trying to eliminate the condensate film. There are 
also certain practical difficulties. Suppose the heating surface can be made to 
induce drop condensation, how can one be sure that it is going to remain so ? 
The least film of oxide or scale may upset the whole business. There are very 
few plants in which the inside of a heating surface can be examined. In certain 
types of jacketed pan the heating surface is made to be accessible. 

Accounts of a certain amount of work on drop condensation have appeared 
during the last few years in the proceedings of the American Inst. Chem. Eng. 
The following points appear to have been established :— 

1. Perfectly clean steam always condenses filmwise on a perfectly clean surface. 

2. After a time the slight oily impurities in many industrial steams are sufficient 

to alter a perfectly clean surface so that drop condensation commences. 
In fact with some steam it was found impossible to prevent drop 
condensation taking place on certain clean surfaces. 

3. Diop condensation occurs more readily on smooth than on rough surfaces. 

4. Drop condensation cannot be maintained on mild steel or aluminium surfaces. 

5. Drop condensation can be induced, if the steam does not contain the necessary 

impurities, by the injection of minute traces of fatty acids, e.g. oleic 
acid, which is particularly successful on brass, nickel, chromium or copper. 
Other substances, e.g. mercaptans, can be used as drop promoters. 

6. Some drop promoters are only effective where there is a trace of noon 

condensible gas in the steam. 
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Now it is clear that in an evaporator, while we want to induce and maintain 
drop condensation on the steam side so that the surface is wetted as little as 
possible, we want exactly the opposite on the liquid side. Every possible means 
should be taken to ensure that the liquid side is wetted ’’ as much as possible 
and that “ film boiling does not occur and interpose a layer of steam between 
the siu*face and the liquid. The boiling should be in the form of minute bubbles 
which quickly detach themselves—this is called nucleate boiling 

349 . LONG-PIPE HEATERS. Heating by a single long pipe has two main 
applications ; the space heating of many of the older textile mills, and the 
heating of oil tanks ashore and afloat. Long pipe heating may use either hot 
water or steam. Each presents its own unsatisfactory problems. 

Consider first hot water. At the beginning of the long pipe the water is hot 
and heat transfer is good. Further along the pipe the water is cooler, the 
temperature drop is lower, the viscosity of the water is higher so that the heat 
transfer rate drops still more. If the pipe is made progressively smaller in 
bore, the water velocity will increase as the water gets cooler. This is one 
way of improving matters, but it can hardly be used without forced circulation. 
The better way is to circulate the water so rapidly that there is very little 
teinj^erature drop over the whole length. 

Now consider steam. Steam is condensing all along the pipe ; condensate 
is accumulating ; there is a continuous pressure drop all along the pipe. 
At the beginning of the pipe the steam pressure is highest, there is little 
condensate and little air so that heat transfer is good. At the end of the 
pipe there is little pressure, the pipe is probably half full of condensate with the 
other half full of air. Steam heated long pipe heaters are not satisfactory. 
There are two possible aids. The steam can possibly be circulated (see 
Chapter i8) or the long pipe can be split up into smaller lengths—in other 
words abolish the long pipe. 

If long pipe heating must be done high velocity water—pressure hot water 
if necessary, see Chapter i8—is probably the best solution, but the pumping 
power may be high. If steam must be used the pipe should be as small in bore 
as possible so as to raise the ratio of heating surface to pipe volume and thus 
increase the flow of steam in the pipe. The pipe must have a really good fall 
and there must be proper air vents. The pressure must be fairly high. 

350 . MEAN TEMPERATURE DIFFERENCE. In all types of heater 
where the temperatures on one or both sides of tlie heating surface change, 
the temperature difference is not a constant figure and we must have some way 
of arriving at the real mean temperature difference. There are quite a number 
of possible variations and we must consider them briefly. 

Let us first look at a simple batch heating job in a tank or vat, lieated by 
steam and properly trapped and vented. The temperature conditions are 
shown in Fig. 178. The steam temperature is constant, the temperature of the 
material in the vessel can be assumed to be more or less uniform but is rising 
with time. At first, when the temperature difference is great, the liquid will 
heat up quickly. The hotter it gets the less will be the temperature difference 
and the slower will the temperature increase. The mean temperature difference 
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FIG. 178. TEMPERATURE DIFFERENCE FIG. 1 79 TEMPERATURE DIFFERENCE 

WHEN HEATING TANK OR VAT BY WHEN HEATING LIQUID IN GALORIFIER 

STEAM RY STEAM 



FIG. 180. TEMPERATURE DIFFERENCE FIG. 181. TEMPERATURE DIFFERENCE 

WHEN HEATING A ROOM BY WATER IN AN EVAPORATOR OR SINGLE ROW 

IN A LONG PIPE HEATER AIR HEATER STEAM HFAIED 



FIG. 182. TEMPERATURE DIFFERENCE FIG. 183. TEMPERATURE DIFFERENCE 

IN A CON-CURRENT HEAT EXCHANGER IN A COUNTERCURRENT HEAT EX¬ 

CHANGER 
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could be found by taking temperatures every minute and averaging the result, 
which, had the time intervals been constant and sufficiently frequent, would be 
the true mean temperature difference. 

Now consider a calorifier. Here there is a flow, but time does not come 
into the picture, the operation is continuous and is independant of time. Fig. 
179 shows a steam heated calorifier into which a cool liquid is flowing and being 
heated. The steam temperature is constant but the liquid temperature rises 
along the length of the calorifier. It might be possible to take temperatures at 
regular equal intervals along the calorifier and thus obtain the true average 
temperature difference. The temperatures all along the calorifier vydll vary 
with varying rates of flow and such a reading of multiple temperatures would 
generally be impractical. 

Now consider a long-pipe room heater using hot water. Fig. i8o shows the 
conditions- The room temperature will be virtually constant, but the water 
temperature will fall along the length of the pipe. This fall in water temperature 
will be rapid at first and will tail off as the temperature of the water drops. 
The temperature at even distances along the pipe could be measured to find 
the true mean temperature difference. 

Fig. i8i shows the conditions where there is no change of temperature with 
either time or position. This would be the state of affairs in an evaporator or 
in an air heater consisting of a single row of steam heated tubes. There is here 
only one temperature difference and hence no problem. 

Fig. 182 shows a con-current heat exchanger, and Fig. 183 a countercurrent 
heat exchanger. Here both liquids are changing temperature and it would be 
practically impossible to take accurate evenly spaced temperatures in both liquid 
passes, especially if the exchangers were multi-pass. 

Owing to the curvature of the temperature/time or temperature/distance 
lines the arithmetical mean of the two temperature differences, at the beginning 
and end, would be clearly wrong. The possible error is clearly shown in Fig. 
182 by 6,1. 

Fortunately it has been found that a single relation between the initial and 
final temperature differences will give the true mean temperature difference 
in all of these curved temperature relations whether in respect of time or 
distance. The formula is ;— 

-3 log- 

Where 0 ,,^ = Mean Temperature Difference wanted. 

Oj = Initial Temperature Difference. 

Of = Final Temperature Difference. 

Hausbrand (Section 805) gives what he suggests is a simpler formula 
(blessed by Badger) to replace that given above on the grounds that a formula 
containing logarithms is inconvenient. But the simpler formula necessitates 
reference to a table, whereas logs can be taken out, with sufficient accuracy for 
the present purpose, from a pocket slide rule. 
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(If a tabic of natural logarithms is available the calculation can be slightly 
shortened by using the formula in brackets.) 

Example i. 

Fig. 178. Steam heated vat. 

Steam temperature .. .. .. .. .. 230® F. 

Initial liquid temperature .. .. .. 80® F. 

Final liquid temperature .. . . . . . . 185® F. 

Then 0 ^ = 230 — 80 =150 
Of = 230 — 185 == 45 

TP = 3’33 log 3-33 =-522 2-3 X •522 = 1*2 

t/f 

0,-0, = 150— 45 = 105 

0,u = 87 -5 

The arithmetic mean is 45 _ Error ii per cent. 


Example 2. 

Fig. 180. Water-heated long pipe. 

Room temperature . . . . . . . . . . 62® F. 

Water inlet .. .. . . .. . . .. 165® F. 

Water outlet .. .. .. .. .. .. 125® F. 

0. = 1G5 — 62 = 103 
0, == 125 — 62 = 63 

^ = 1-635 log 1-635 = -2135 2-3 X -2135 = -49 

0i — Of = 40 

0,„ = 8i-6 


Arithmetic mean == 


10 3 + 63 

2 


= 83. 


Error 2 per cent. 


Example 3. 

Fig. 182. Concurrent heat exchanger. 

Heating water inlet .. .. .. 198® F. 

Heated water inlet .. .. .. . . 57° F, 

Oi = 198 — 57 = 141 

Heating water outlet .. .. .. .. 102° F. 

Heated water outlet .. .. .. .. 91° F. 

Of = 102 — 91 = 11 

Q 

= 12-8 log 12-8 = 1-107 2-3 X 1-107 = 2‘55 
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0i — 6, = 141 — ir = 130 

0m= 51 

Arithmetic mean = = ^6. Error 49 per cent. 

2 

From these examples it will be seen that where the initial and final tempera¬ 
ture differences are not greatly unlike the arithmetic mean temperature differ¬ 
ence may well be good enough. But where the initial and final temperature 
differences are far apart the error introduced by using the arithmetic mean may 
be very large. 

The errors introduced by taking the arithmetic mean temperature difference 
instead of the log mean temperature difference are :— 

When is 70 per cent, or more of 0 ^ the error is less than i per cent. 

When Of is 50 per cent, or more of Oj the error is less than 4 per cent. 

When Of is 33 per cent, or more of 0 ^ the error is less than 10 per cent. 

When Of is QO per cent, or less of Oj the error is more than 20 per cent. 

When Of is 10 per cent, or less of 0 , the error is more than 40 per cent. 

Th se arc proved thus :— 

If Of is expressed as a percentage, p, of 0 ^, then 


The log mean formula can be rewritten 


0 ... - 


0, (I --ii) 

100 


2-3 ]og 


100 


The arithmetic mean 0 ., — 


Oi (I + ) 

100 


(. +-^) 

If the functions-and 

, 100 - 

2 • 3 log- 2 

P 

are compared for various values of p we get the results shown above. 


In Section 345 it was stated that when finding the heating surface of a pipe 
or tube, the arithmetic mean of the inside and outside diameters could be used, 
if the conditions on both sides of the heating surface were similar. It was also 
stated that in most problems one surface usually had a much lower heat transfer 
rate than the other, and that the surface to be used should always be that on 
which heat transfer was most difficult. For real accuracy when the heat 
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transfer rate on either side of the pipe is the same, the log mean heating surface 
should be used. The errors introduced by taking the arithmetic mean arc 
exactly the same as those associated with arithmetic mean temperature 
difference. As there arc seldom cases in which the inside diameter, is one half 
or less than the outside diameter, the error introduced by using the arithmetic 
mean will not normally exceed 4 per cent. 

351 . CHLORINATION. In calorifiers and surface condensers the water side 
of the heating surface often gets coated with slime, which offers considerable 
resistance to heat transfer. One of the best methods of preventing sliming is 
by adding doses of chlorine to the water. Of course the use to which the water 
is to be put must allow of the addition of chlorine, but the chlorine dose can be 
very small. Much better results are obtained by adding the chlorine in inter¬ 
mittent fairly strong doses than by continuous addition. All water treatment 
firms can supply details of chlorinators and give advice about chlorination. 

♦ « ♦ 

I’hc subject of drying—apart from the supply of steam heat to the heating 
pipes—is not dealt with in this book. It would require much space and is a 
subject, in itself, big enough to fill a book. As far as heat transfer from steam or 
hot water to air is concerned there are three simple rules for securing optimum 
heat transfer. 

Keep the surface that heats the air clean. 

Maintain a good air velocity. 

Have a generous metal to air surface—fins or gills. 

♦ sic ♦ 

Heat transfer in boiling pans, crystallising pans and evaporators is a some¬ 
what specialised subject, so it will be given a chapter to itself, which those who 
are not interested can skip. 

♦ 9|C ♦ 
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CHAPTER 12 


HEATING IN PANS AND EVAPORATORS 

The vacuum pan ... is a copper shell composed of 
two hemispheroids—the lower one embedded in a 
steam jacket, the upper one not so embedded. In 
addition to the steam jacket external to the lower 
hemispheroid, there is, internal to the same, and 
coiling spirally wdthin, a copper steam tube technically 
called a worm. 

j. G. MCINTOSH. Technology of Sugar. 19x6. 

THERE are many types of evaporator and many types of pan. They may be 
used for cooking, for concentrating or for crystallising. They may range in 
size from 10 gallons capacity to 100 tons. They may use steam at anything 
from 250 psi to 20-in. vacuum. They have some things in common ; almost 
all of them rely on natural circulation ; the heat transfer rate is generally 
higher than in any other type of plant. 

No detailed description of all the different types will be given here ; only 
enough to bring out certain points. This Chapter is lop-sided, as pans and 
evaporators are key plants in the sugar industry ; consequently the author has 
much more first-hand experience with sugar pans and evaporators than with 
any other kind. 

352 . TYPES OF EVAPORATING PLANT. Fig. 184 shows some of the 
many types of evaporating plant :— 


EVAPORATORS 


STILLS 


CONCENTRATORS a COOKERS 


INDIRECT 

HEATING 


CRYSTALLISING 

PANS 


TUBULAR 


JACKET 


CALANDRIA 


COILS 


HORIZONTAL SHORT TUBE 


LONG TUBE 


horizontal 


FORCED NATURAL CLIMBING 

CIRCULATION CIRCULATION FILM 


FALLING 

FILM 


PUMP 


IMPELLER 


DIRECT 

HEATING 


COMBINATION 


CALANDRIA 

_u 


RIBBON 


ASSISTED NATURAL SCROLL 

CIRCULATION CIRCULATION 


n 

COIL 


CIRCULAR 


FIG. 184. EVAPORATOR TYPES 


The heating-surface/material-volume ratio of a pan or evaporator, i.e. the 
sq. ft. of heating surface per cu. ft. of material capacity of the vessel, is a 
useful figure. It tells us roughly the power ’’ of the vessel. It indicates 
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the Steam pressure that will be needed to get a given heat input. In a con¬ 
tinuous evaporator the ratio will give us an idea of how long the material will 
be in process. Table LI shows the heating surface, the product volume and 
the surface/volume ratio of a number of vessels which will be discussed in 
certain particulars in later sections. 


TABLE LI. SURFACE/VOLUME RATIOS OF SOME 
PANS AND EVAPORATORS 


VESSEL 

HEATING 
SURFACE 
SQ. FT. 

MATERIAL 
VOLUME 
CU. FT, 

SURFACE 

VOLUME 

RATIO 

Hemispherical jacketed boiling pans— 





1 ft. 6 in. diameter 

.. 

7-07 

2-22 

3-18 

2 ft. 

• • • • 

12*56 

5-24 

2-40 

2 ft. 6 in. „ 

.. 

19-61 

10-23 

1-92 

3 ft. 


28-28 

17-67 

1-60 

4 ft. 


50-27 

41-83 

1-20 

5 ft. 

.. 

78-53 

81-82 

•96 

Coil crystallising pan.. 

(Fig. 191b) 

554 

718 

•77 

Coil crystallising pan.. 

(Fig. 192) 

914 

709 

1-29 

Crystallising pan—Coil 

(Fig. 193) 

2,263 

1,200 

1-89 

Crystallising pan—Calandria 

(Fig. 194) 

2,191 

1,200 

1-83 

Crystallising pan—Grantzddrffer .. 

(Fig. 195) 

2,282 

1,200 

1-90 

Crystallising pan—Scroll 

(Fig. 196) 

1,720 

1,738 

•99 

Small standard Calandria evaporator"! 

1 




Calandria submerged J 

KFig. 165) 

1,436 

225 

6-4 

Liquid i up tubes J 


1,436 

110 

13 

Horizontal film evaporator—Lillie .. 

(Fig. 199) 

296 

12? 

25? 

Climbing lilm evaporator—Kestner 

(Fig. 198) 

104 

4? 

26? 

Failing film evaporator—Kestner .. 

(Fig. 198) 

280 

1 

2? 

140? 


The surface/volume ratio taken alone can be misleading. It can only be 
used to compare like with like or for drawing distinctions. For example, the 
huge surface/volume ratios of the film evaporators give no idea of their heat 
transfer compared to a standard calandria evaporator. The real virtue lying 
behind their big surface/volume ratio is not exceptionally fast heat transfer, 
but the exceedingly short time the material being evaporated is in process. 
This property is very valuable when concentrating certain delicate organic 
products. 

The temptation to increase heating surface in order to improve output is 
difficult to resist, but the extra obstruction to circulation often more than 
counteracts the value of the increased surface. 


353 . TEMPERATURE VERSUS SURFACE. Suppose we wish to increase 
the output of an evaporator. Better results will probably be obtained by 
doubling the temperature difference than by doubling the heating surface. 
Fig. 168, Section 331 shows that as temperature diherence is increased, heat 
transfer rate is also increased. Suppose a liquid is being boiled at 212° F. with 
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a temperature difference of 20® F., the H.T.R. from Fig. 168 is 440, and the 
heat transfer will be 440 x 20 = 8,800 Btu/sq. ft./hr. If the temperature 
difference is doubled to 40® F., Fig. 168 gives the H.T.R. as 550, so that the 
heat transfer will be 550 x 40 = 22,000 Btu/sq. ft./hr. 

Increase of heating surface should increase heat transfer proportionally. 
Up to a point this does happen, but increase of heating surface almost always 
entails increase of obstruction, and there comes a point where the circulation 
is so greatly hampered that any further increase in heating surface actually 
reduces the total heat transfer. 

It is sometimes suggested that high temperature heating surfaces may cause 
burning of the product. Burning of the product can only occur if the product 
is stagnant. Quick heat transfer with unimpeded circulation gives the least 
opportunity for stagnation and consequently for burning. 

High temperatures inside the heating surfaces call for high steam pressures 
which are not conducive to steam economy, but, while steam economy is the 
main purpose of this book, good process technique is of paramount importance 
in a process factory. Provided all the flash steam is recovered from the high 
pressure condensate, and provided there is no extra radiation loss, there is no 
thermal loss with high pressure steam compared to low pressure steam ; the 
only loss is in the potential loss of power generation. High pressure steam cannot 
have produced the same amount of power as could the low pressure exhaust 
steam from an engine. 

354. HEMISPHERICAL JACKETED PANS. These small pans are used in 
great numbers in many industries, particularly in the food industries—jam¬ 
boiling, confectionery boiling, soup and sauce cooking, etc. Their steam-locking 
and air-locking propensities have been discussed in Sections 304 and 322. 
In small sizes, provided the air and condensate removal has been properly 
dealt with, they are ideal for their purpose. Table LI shows how the surface/ 
volume ratio falls off as their size increases. Their simple construction enables 
them to be cleaned quickly, easily and completely—this is very important in 
many food applications. In some designs the jacket is bolted to the body in 
such a way that the jacket can be readily dropped. In some factories the jacket 
is dropped every few days and the body heating surface is polished and lightly 
greased in an endeavour to secure drop condensation—see Section 348. In 
some cases the product has to be stirred. The clean smooth interior makes 
this easy. 

In the larger sizes, as the surface-volume ratio falls off, output drops and 
the advantage of the larger size is greatly discounted. In an ehort to improve 
the performance, coils are often added. These impede circulation, make 
cleaning really difficult and offer obstructions to the stirring paddle. 

The small jacketed pan is a beautiiul little piece of plant, but in large sizes 
it is not so good. 

355 . EVAPORATION UNDER VACUUM. There are two reasons for 
boiling a product under vacuum. The first is that for a given steam pressure 
the temperature difference is larger ; this generally permits of faster heat 
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transfer, or enables a lower steam pressure to be used. The second is to boil at 
a low temperature a product that deteriorates at high temperature. Any 
plant that calls for vacuum boiling for the second reason automatically has any 
advantages associated with the first reason. 

Vacuum vessels can be heated by jackets, coils or calandrias. They may 
be used as evaporators for concentrating liquids, or for distilling, or they may be 
primarily crystallising vessels. Whatever their purpose or their design, the one 
essential quality that they have in common is that the boiling point of the 
liquid is reduced. 

Table LII shows the vacua and the corresponding boiling points of a 6o per 
cent, sugar solution, and the steam pressure that would be needed to give a 
constant temperature difference of 80*^ F. across the heating surface. 


TABLE LII. VACUA AND BOILING POINTS OF 
60 PER CENT. SUGAR SOLUTIONS AND STEAM 
PRESSURES NEEDED TO GIVE 8o°F. DIFFERENCE 


VACUUM 

BOILTNG POINT 

STEAM PRESSURE 

IN. 

i 

PSI.G. 

0 

217 

50 

5 

210 

43 

10 

196 

32 

15 

184 

23 

20 

165 

13 

25 

1 

138 

2 


Actually this table paints the steam pressure reduction in much too rosy 
colours. The figures are true enough. These are the pressures to give the 
constant temperature difference, but at the lower boiling temperatures a 
greater temperature difference is needed to give a constant total heat transfer. 
Fig. 168 shows the relation between boiling temperature and heat transfer 
rate, and also shows the relation between temperature difference and heat 
transfer rate. From a study of Fig. 168 it might well be thought that instead of 
reducing the steam pressure as the boiling point is reduced, it might even be 
necessary to increase it. Fig. 168 was drawn from data obtained by Badger in 
the laboratory with distilled water. The matter merits some discussion even 
if only to emphasise that heat transfer obtained in one evaporator on one 
material must not be used to foretell performance in another evaporator on a 
different material. 

Badger implies that the principal cause for the falling off in heat transfer 
rate at low temperature is due to the increased viscosity of the material being 
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evaporated, in this case water. If we take the heat transfer rate of 350 from 
Fig. 168 and assume that this is the rate we require we can tabulate thus :— 


Temperature 

Vacuum 

Viscosity 

Temperature 

difference 

Required steam 
pressure 

212° F. 

0 

•284 

12® F. 

4 psi-g- 

167° F. 

18-5 in. 

• 380 

23° F- 

11 in. vac. 

140® F. 

24 in. 

•469 

47° F. 

12 in. 

122® F. 

26-25 in. 

•549 

83 F. (extrapolated) 4 


If this is the performance on distilled water, what might be expected with a 
viscous material like concentrated sugar liquor, whose viscosity is 50 to 200 times 
that of water ? It would seem likely that as the vacuum on the liquor increased 
the steam pressure might also have to be increased. Here is a comparison of 
the viscosities of water and 72 per cent, sugar solutions :— 

Viscosity—Centipoises 


Temperature 

Water 

72 per cent, sugar 
solution 

212® F. 

• 284 

I I -0 

167° F. 

•380 

28 

140° F. 

•469 

58 

122° F. 

•549 

100 


Now sugar boiling technique depends upon accurate and quick control of 
boiling rate, or heat transfer, and this is done entirely by adjustment of the 
vacuum under which the solution is boiling ; the steam pressure is generally 
left constant. From a consideration of Badger’s data and the viscosities given 
above an increase in vacuum with constant steam pressure should have little 
positive, but possibly a negative, effect on heat transfer. This is not the case. 
There is a great jungle of ignorance regarding heat transfer that badly needs 
exploring. It is important that heat transfer rate figures obtained on one plant 
and on one material should not be used to foretell the heat transfer rate on 
another plant and/or on another material. 

Whatever the heat transfer rate, there are a number of materials that must 
be evaporated under vacuum if damage is not to be done to them—sugar 
solutions, milk, fruit juices, hormone extracts, etc. 

357 . EFFECT OF BOILING TEMPERATURE. There seems little doubt 
that with many liquids the actual boiling temperature has a much greater 
proportional effect on heat transfer rate than has temperature difference. 
Fig. 185 shows a relation plotted for certain sugar evaporators. From this and 
from Fig. 168 it is clear that vacuum boiling has a very detrimental effect on 
heat transfer rate and hence calls for much larger plant or for a bigger tempera¬ 
ture difference. The whole art of evaporation, like many other technologies, 
is the reconciliation of conflictions. The arguments in favour of vacuum 
evaporation arc that boiling can be done at really cool temperatures, without 
injury to certain products, and that multiple effect evaporation can be carried 
over a much wider range. 

358 . FORCED CIRCULATION EVAPORATORS. With good design 
natural circulation is generally sufficient, but there are certain situations where 
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forced circulation is definitely beneficial. If the material being concentrated 
is corrosive, so that the evaporator must be built of expensive metal, stainless 
steel or nickel, it may pay to increase the heat transfer rate greatly by a really 
rapid circulation of the liquid and so reduce the size and cost of the (Evaporator. 



FIG. 185. EFFECT OF REDUCED BOILING PRESSURE 
ON HEAT TRANSFER RATE 
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FIG. 186*. EFFECT OF ARTIFICIAL CIRCULATION ON HEAT TRANSFER 
RATE AND RELATIVE POWER NEEDED TO PRODUCE CIRCULATION 


It is difficult to measure the rate of circulation in a working evaporator. Some 
measurements have been made using Pitot tubes. Webre gives results obtained 
on brine evaporation in the laboratory and these are shown in Fig. 186. The 
power curve given in Fig. 186 shows the power taken by a circulator in a very 
large working evaporator. The material being processed is not stated. This 
curve is also given by Badger. If an outside circulator is used the rate of 
circulation can be easily measured, but if the circulator is internal, measurement 
is very difficult. 


♦ By permission of the Reinhold Publishing Company. 
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Another use for circulation is where scale is deposited on the heating 
surface. It has been found with certain scale-depositing solutions, for example 
common salt, that if the velocity over the heating surface is very high there is a 
greatly decreased scale deposit. This effect had also been noted with sugar 



FIG. 187. ASSISTED CIRCULA¬ 
TION CALANDRIA EVAPORATOR 
WITH SHORT TUBES 



FIG. 188. FORCED CIRCULATION 
MEDIUM LONG TUBE CALANDRIA 
EVAPORATOR 


solutions in the author’s factory. Figs. 187 and 188 show two kinds of mechanical 
circulator. The design shown in Fig. 188 is positive pumping and can rightly 
be called forced circulation. The design shown in Fig. 187 can only be called 
assisted circulation. Evaporators of design Fig. 187 have been made in 
enormous sizes—up to 36 ft. in diameter. 

Mechanical circulation is not without fault in some applications. For 
example, every time a sugar solution is pumped it increases in colour and a 
little of the sugar is destroyed. On the other hand those solutions damaged 
by pumping are also damaged by heat. Quick circulation decreases the time 
that the liquid is exposed to the heat and this benefit may outweigh the damage 
done by pumping. 


359. FORCED CIRCULATION CRYSTALLISING PANS. As the material 
in crystallising pans is amongst the least fluid of all evaporated substances it 
might be thought that here was a great opening for forced circulation. Actually 
the material is often so tough that true forced circulation is out of the question ; 
the material can only be “ persuaded ” by an impeller inside the vessel. The 
author’s experience of mechanical circulation in crystallising pans has been 
disappointing. The power required was enormous, the increase in heat transfer 
was barely perceptible, and the effect on crystal formation was bad. In fairness. 
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however, it must be said that the author has seen a number of mechanically 
circulated pans in operation in U.S.A. and their owners were pleased with their 
performance. Fig. 189 shows the design most commonly used—^Webre. 



no. i8g. ASSISTED circulation 

CRYSTALLISING PAN 
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360 * NATURAL CIRCULATION PANS AND EVAPORATORS. The 

great bulk of evaporation is done in natural circulation vessels. Natural 
circulation is used for many reasons. It is cheap and simple. It is generally 
entirely adequate provided real care is taken with the design. Mechanical 
circulation is generally accompanied by some undesirable quality. Natural 
circulation eliminates a mechanism that can break down and which requires 
maintenance, and uses a deal of power. 

Good circulation is all-important in a pan or evaporator. It is not only 
necessary lor quick heat transfer ; it is generally necessary for good process 
work. Sluggish circulation permits the material to be overheated, possibly 
even burnt on to the heating surface. In crystallisation, sluggish circulation 
allows crystals to adhere giving rise to irregular crystal lumps from which it is 
diPiCult to remove the mother liquor, consequently such lumps are never so 
pure as are single crystals. 
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FIG. 190. Howard’s vacuum pan—1813 


The aim of good design in a pan or evaporator should be circulation, 
circulation and still more circulation. Unfortunately pan and evaporator 
design is an art, or a trial-and-error business, not a science. It is practically 
impossible to foretell the performance of a new evaporator of new design or of 
an old evaporator on a new material, even if the new variations are seemingly 
small. The only way to find out is to try it. There is little scientific basis for 
design. The pan and evaporator makers have files of past experience from 
which they are able to make fair estimates of probable performance provided 
nothing strikingly new is being introduced. 

The following sections give some examples of practical experience gained 
by the author during the last 35 years. They apply only to water and to sugar 
solutions, for the most part to very concentrated solutions. As this book is not 
intended to supply data for the design of evaporating plant this very narrow 
aspect of the problem probably does not matter. The points brought out arc 
matters of experience and as such arc probably of general interest. 
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361 . COIL CRYSTALLISING PANS. The object of a crystallising pan is 
the production of crystals of a particular size and evenness. Actual rate of 
evaporation is not the main consideration, though it is important, first because 
it reduces the size of plant for a given output, and second because the material 
is subjected to heat for a shorter time if the process is quick. 






FIG. I9I. OLD CRYSTALLISING PAN WITH LARGE HEATING SURFACE AND POOR 
PERFORMANCE. WHEN THE UPPER HEATING SURFACE WAS REDUCED THE 

PERFORMANCE WAS IMPROVED 


All the older pans were heated by jackets, supplemented by coils as soon 
as higher performance was wanted. The vacuum pan was invented by Howard 
in 1813. His vacuum pan is shown in Fig. 190. We get from this picture an 
interesting insight into his ingenious and economical mind. He used one tank 
as save-all for his entrained liquor and for his condenser control. He used 
one control to throttle his main vapour inlet into the condenser and simul¬ 
taneously to reduce the amount of water admitted to the condenser. A son 
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of the Duke of Norfolk, the Hon. Charles Edward Howard, was a brilliant 
chemist, engineer and sugar technologist, and made many outstanding 
inventions which were two generations ahead of their time. 

It has already been explained that for very small pans the jacket alone is 
ideal. As the size increases the jacket becomes less and less adequate and must 
be supplemented, until in very large sizes the jacket is a relatively small part of 
the heating surface. The jackets in the larger pans tend to receive less and less 
care in design as their importance diminishes, and many jackets are just conical 
sheets riveted to the pan base, instead of the pan being well and truly ‘ ‘embedded’^ 
in the jacket. Much trouble with jacket leaks has been experienced in the larger 
pans. 



FIG. 192. OLD CRYSTALLISING PAN WITH 
UNEXPECTEDLY GOOD PERFORMANCE 

Ck>il pans suffer from the disability that the coil must to a greatw or lesser 
extent obstruct the circulation. This trouble of course applies to any form of 
heating surface other than a jacket, but the coil pan coils arc the worst 
offenders. Much depends upon the shape of the pan and the lay-out of the 
heating surface, and it is impossible to dogmatise about shape. 
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Increase of heating surface g^ves greater total heat transfer—up to a point— 
but diminishing heat transfer rate. As the surface is increased the obstruction 
to circulation eventually becomes such as to cause a diminishing total heat 
transfer. Fig. igi shows an old crystallising pan installed by the author’s 
father in 1882. Fig. 191a shows the pan as originally installed and Fig. 191b 
shows some of the coils cut out. The surface volume ratio was reduced from 



FIG. 193. MODERN CRYSTALLISING 
PAN WITH BAD PERFORMANCE 
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I *08 in Fig. 191a to -77 in Fig. 191b yet the performance with the lesser 
heating surface was considerably better. To verify this the missing heating 
surface was restored many years later and a poorer performance resulted. 

Fig. 192 shows another old sugar pan—superficially very similar to that 
shown in Fig. 191. The pan shown in Fig. 192 performed outstandingly well. 
Why ? No satisfactory reason was ever found. Was it due to the rather 
elegant turnip shape ? 

Fig. 193 shows a pan that was built about 15 years ago. It has a very large 
heating surface. It had been more or less proved that there was no real virtue 
in the turnip shape, although the turnip certainly looks as if it would help 
natural circulation. Probably the reason the “ hemispheroids ” were used 
.ast century was simply tradition coupled with caution against collapse under 
atmospheric pressure. The pan shown in Fig. 193 was a failure although the 
surface/volume ratio was large and although the steam pressure used was high. 
The tangle of “ technical worms coiling spirally within ” effectively choked 
circulation. 

362. TUBULAR CALANDRIA CRYSTALLISING PANS. Coil pans and 
calandria pans correspond exactly to fire-tube and water-tube boilers. In a 
coil pan the heating medium is inside the tubes, in a calandria it is outside the 
tubes. (The deiivation of the word “ calandria ”—a very pleasant word— 
is obscure. The French word “ calandre ” means not only “calender”— 
both are probably corruptions of cylinder—but also means “ shell ”.) 
Galandrias were first developed in the sugar industry for evaporating beet and 
subsequently cane juices. For many years it was thought that calandrias could 
not be used in crystallising pans, but when they were tried the results were 
excellent. 

With a calandria all the heating surface is available throughout the life of 
the boil, whereas in a coil pan only the bottom coils can be used at the 
beginning ; the other coils being successively brought into use as they become 
submerged. 

Like coils, the calandria offers resistance to circulation, but the resistance 
is probably less. The material rises in the calandria tubes, which are short, 
smooth and straight. The material knows exactly what it is supposed to do ; 
it is not buffeted about and thwarted in its natural movement as it is in a coil 
vessel. The size of the tubes can be suited to the consistency of the material. 

Fig. 194 shows the basket calandria that replaced the coils shown in 
Fig- 193- This was a great improvement. The pan was, however, by no means 
perfect. At certain rates of evaporation and height of content it boiled in a 
series^ of surges. This was almost certainly due to inadequate circulation 
allowing Ae lower material to become overheated. As soon as an ebullition 
occurred it gave a momentary increase of circulation, the overheated material 
rose to the surface and there was a great flash of evaporation. 

363. RIBBON HEATING SURFACES. In a search after better circulation 
the calan«lna shown in Fig. 194 was replaced by the Grantzddrffer concentric 
nb^n calandria shown in Fig. 195. Calandria is perhaps a misnomer ; the 
nbbons are really flat coils. The design shown in Fig. 195 was purely 
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experimental. The original Grantzddrffer heating surfaces were made by 
riveting two plates together and bolting each circular element to the steam 
connections. This multitude of joints was considered to be out of the question, 
apart from the difficulty of getting two bolted joints in a 4-in. space* Many 
years of suffering with bolted and riveted copper heating surfaces had shown 
that welded steel was greatly preferable. The lower heat conductivity of steel 
is unimportant compared to the difficulty of getting the heat from the heating 
surface to the product. 



FIO. 194 . PAN IN FIG. 193 WITH GALANDRIA IN PLAGE OF COILS 
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This heating surface was a great technical success but from a practical point 
of view was quite unsuitable. If a stay sprang a leak it was necessary to poke 
about in a 4-in. space with a 2-ft. electrode—enough to daunt the stoutest 
welder ! But this design showed the way. The heating surface in Fig. 195 
is a little larger than the calandria shown in Fig. 194 but the obstruction to 



FIG. 195. PAN IN FIG. 1 93 WITH GRANTZDORFFER 
CIRCULAR RIBBON HEATING SURFACE 
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circulation is much less. The obstruction area in Fig. 194 (neglecting the 
downtake) is 51 per cent. ; the obstruction area in Fig. 195 (again neglecting 
the downtake) is 28 per cent. 




FIG. 196. MODERN HIGH YIELD GRYSTALLISINO 
PAN WITH SCROLL RIBBON HEATING SURFACE 
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It was therefore decided to design a ribbon heating surface that would be 
easy of erection and maintenance, and to raise the steam pressure to compensate 
for any reduction in heating surface that might result. Fig. 196 shows the 
design which combines a repairable ribbon heating surface with as much jacket 
as possible. This design only offers 32 per cent, obstruction area. The steam 
has a definite path to a remote point for venting. There is a good falling path 
for the condensate. Four such pans have been working for seven years with 
excellent results. They are, perhaps, the best sugar crystallising pans in the 
world. The crystal-syrup mass at the end of the boil contains only about 
6 per cent, of water and 68 per cent, of the sugar is in the form of crystals. 
Any attempt to reach such a concentration in a coil pan would pull the coils 
out, and in a calandria pan such a mass would not run out of the pan—it would 
ju^t sit on the calandria tube plate. The circulation as observed through the 
top window is quite lemarkable. Curiously enough the heat transfer rate is 
low—only about 100. This is surprising when the circulation is so patently 
good. Old bad coil pans have in some cases a heat transfer rate of 150. The 
performance criterion of a crystallising pan is crystal making, not evaporation, 
and by this criterion the pans are excellent and by observation the circulation 
could ha>dly be bettered. 

364. EVAPORATORS. Evaporators appear in many different types, 
tubular, calandria and film. The tubular evaporators are largely used for the 
distillation of make-up water in the power stations. They suffer from the 
disadvantages of coil pans. The steam tubes arc occasionally “ spirally coiling 
worms ” but more often are banks of straight or hairpin tubes. In evaporators 
the rate of heat transfer is much more important than in crystallising pans. 
The object of a crystalliser is to crystallise ; the object of an evaporator is to 
evaporate. 

The most common form of industrial evaporator is the ‘ ‘ standard 
calandria ” evaporator ; two examples of which are seen in Figs. 133 and 165, 
Sections 293 and 322. Their use is widespread and much information as to 
their performance has been gathered, but this is not general information, it is 
specific to one particular product and one set of conditions. 

365. HYDROSTATIC HEAD, When a liquid is heated to the temperature 
which is called boiling point and which varies with the pressure on the liquid 
and with the physical properties of the liquid, the vapour pressure at the liquid 
surface is equal to the overlying pressure. Any further addition of heat will 
make the liquid molecules fly off as cloud of vapour, see Sections 3 to 14, 
Chapter i. Below the surface the liquid has an additional pressure acting on it 
due to the weight of the liquid above. The boiling point of the liquid therefore 
rises the greater the depth of liquid. Now a boiling liquid cannot be heated 
above its boiling temperature, but clearly the boiling temperature is different 
at every level in the vessel in which boiling is taking place. If circulation is 
sluggish the lower liquid can be heated up to a much higher temperature than 
that which can exist at the liquid surface. When this overheated liquid rises 
to the surface the surplus heat is flashed off as it rises. This may cause surging 
or bumping as has already been mentioned in Section 362. Bumping or surging 
is always a sign of indifferent circulation. 
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There is another force tending to raise the boiling point of the liquid, 
namely surface tension. The force exerted by the skin of a minute steam bubble 
is considerable. There is no need to go into the matter in detail ; all we need 
to remember is that the liquid at the bottom of a vessel can be at a higher 
temperature than that due to the pressure on the liquid together with the 
hydrostatic head. 

Actually nearly all boiling in a vessel where there is a considerable body of 
liquid in contact with a heating surface well below the liquid level, takes 
the form of superheating, rising, flashing. The better the circulation the less 
the overheating and the smoother the boiling. 

Suppose an evaporator contains sugar cane juice at 25-in. vacuum and 
suppose there is 6 ft. of juice in the evaporator. A 65 per cent, sugar solution 
has a specific gravity of i *3 at 140° F. so that there will be a hydrostatic head 
of 3 * 38 psi acting on the liquid at the bottom of the evaporator (Table XXXII, 
Section 206). This additional pressure will reduce the vacuum at the bottom 
of the evaporator from 25 in. to 18 in. where the boiling point will rise from 
140° F. to 175° F. Here is a good argument for maximum circulation and 
minimum liquid depth. 

366 . PARTLY SUBMERGED HEATING SURFACE. By keeping the 
liquid level well below the top of the calandria in a standard evaporator both 
these requirements are approached. Fig. 197 is intended to show successive 
occurrences in a single tube of a standard calandria as the liquid commences to 
boil. At a the liquid is standing about one-third of the way up the tube. 
At b boiling has just started. At c boiling is more vigorous. The bubble x has 
thin walls which heat quickly and evaporate inwards expanding the bubble. 
At d the bubble x has so expanded that it is a thin-skinned sausage of 
steam. At e the bubble x has burst throwing drops of liquid across the tube 
plate. Each tube becomes a steam lift pump just like an air lift. The effect 
of this action is to maintain a very rapid movement over the heating surface 
at the same time reducing the hydrostatic head and possible overheating. 



FIG. 197. THE MECHANISM OF BOILING IN CALANDRIA TUBES 

Webre has observed that a standard evaporator while heating up was 
carrying a pressure of ii psi of steam on the calandria. As soon as boiling 
started the steam pressure dropped to 5 psi, showing the sudden increasc^in 
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heat transfer rate due to the movement induced by the ebullition. Margaret 
Fishenden observed 20 years ago that ebullition by itself, apart from any 
induced circulation, increases heat transfer. Almost all standard calandria 
evaporators work with the liquid level well below the top of the calandria. The 
best height is somewhere between one-fifth and one-third up the tubes. 

The advantage of not submerging the calandria is given by Badger on an 
evaporator with 30-in. tubes :— 

Heat transfer 
rate 


Calandria covered .. . . . . . . 4^0 

Liquid 15 in. up tubes . . . . . . . . 530 

Liquid 7 in. up tubes .. . . . . .. 580 


Tests done in the author’s factory on water in 1934 on a small standard 
calandria evaporator did not show such a marked difference. The evaporator 
had 2 in. tubes 36 in. long, steam pressure 6 • 5 psi.g. or 231® F. water boiling 
under 5 in. vacuum or Q03® F. 

Heat transfer 
rate 


Calandria covered 

. 

540 


Liquid 18 in. up tubes 

. .. 

570 


Liquid 8 in. up tubes 

. 

590 


Foust, Baker & Badger measured the natural circulation velocity on water 
in a tubular calandria at different liquid levels and with varying temperature 

differences by means of a Pitot tube. 

They obtained the following results in 

tubes 48 in. in height and in. diameter :— 




WATER VELOCITY 

AT BOTTOM 

OF TUBES 

Liquor level above or below 

WITH NATURAL 

CIRCULATION 

— FT./sec. 

top tube plate 

Temperature difference 


Inches 

20° F. 

30“ F. 

0 

0 

— 12 

.. I • I 

1-3 

1-4 

- 8 

1-4 

1-8 

2-1 

- 4 

2-0 

2-4 

2-9 

0 

2-4 

3-1 

3-6 

+ 4 

2-3 

3-5 

4-0 

+ 8 

2-0 

3-2 

4-0 

+ 12 

1-7 

2-7 

3-5 

+ 16 

1-5 

2-3 

2-8 

+ 20 

1-3 

1-6 

2-2 


Over the range investigated the H.T.R. steadily decreased as the water 
level was raised. This does not contradict the principle that H.T.R. increases 
wdth velocity, because in the “ empty ” part of the tube there is a higher film 
or foam velocity than in that part full of quiet liquid. 
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367 . CLIMBING FILM EVAPORATORS. The extension of the steam lift 
principle shown in Fig. 197 to a really long tube, 20 or 30 feet, with the liquid 
standing only a few inches up the tube results in a very high velocity of liquid 
film being dragged up the tube by the steam, at first as expanding bubbles, 
further up as a core of rushing steam dragging a tube of liquid up with it 
(Fig. 198). Heat transfer rates are high and the liquid is only in the evaporator 
for a few minutes. 


DISTRIBUTOR 



THICK 

LIQUOR OUTLET 


FIG. 198. SINGLE EFFECT CLIMBING AND FALLING FILM KESTNER EVAPORATOR 
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The climbing film evaporator, however, exhibits some curious unstable 
traits. If the feed is at boiling temperature corresponding to the vacuum in the 
vessel the liquid will commence to boil immediately it enters the tubes. Bubbles, 
or ‘‘ chaplets ” (rosary or string of beads) as Kestner called them, will travel up 
the tube dragging a film of liquid with them. Evaporation of the film increases 
the amount of steam until the tube, considered as a steam pipe, is very heavily 
loaded. This heavy steam flow calls for a large pressure drop over the tube 
length. The vacuum at the top of the tube will remain constant provided the 
condenser is man enough to deal with the steam, consequently the pressure at 
the bottom of the tube will rise. This raises the boiling point. The entering 
feed is no longer at boiling point so that the liquid level will rise and the lower 
part of the tube will act as a feed heater. The extra liquid depth puts a hydro- 
‘ catic head on the liquid raising its boiling point still more so that there is a 
possibility of overheating. Any attempt to remedy matters by increasing the 
temperature of the feed will defeat its object, because the hotter feed will 
evaporate more readily, this will cause an increase in the amount of steam, the 
tube will be still more overloaded, the pressure drop will increase causing still 
more rise of pressure at the bottom of the tubes. A climbing film evaporator 
therefore must not be pushed. It should be operated at such an output as will 
keep the temperature at the bottom of the tubes below some given point. In 
this way the amount of liquid in the evaporator will be a minimum and the 
temperatures will also be minima. The rate of evaporation can be exactly 
controlled by the steam pressure on the calandria. The unstable condition 
described above has been deduced from temperature and pressure readings 
taken at the top and bottom of the vessel ; it has not actually been seen. The 
glass model climbing film evaporator in the laboratory in the author’s factory 
shows no such condition. The bubbles form, elongate, accelerate, and burst 
all in accordance with the book of the words. The bore of the glass tube is 
greater, compared to its length, than that in the full sized plant. There is 
therefore less pressure drop. This may account for the apparent absence of 
overloading. 

It has been found that this liquid rising condition due to pressure drop can 
be greatly improved by admitting a little air into the liquid at the base of each 
tube. The air expands under the reduced pressure and starts things off as an 
air lift until the steam lift gets going. In the author’s factory admission of a 
little air increased the output of a climbing film evaporator by 10 per cent, 
and yet was insufficient to reduce the vacuum of 27 in. under which the vessel 
was working. 

368 . FALLING FILM EVAPORATORS. No such filling up with liquor 
can occur with a falling film evaporator, which is a similar long vertical tube 
evaporator with the liquid feed at the top instead of at the bottom. The distri¬ 
bution of the feed to each tube is carried out in effect, though not in actual detail, 
by making all tubes proud to exactly the same level above the tube plate. This 
plant cannot become unstable, there can be no hydrostatic head to raise the 
boiling point ; gravity, for what it is worth, is acting with the liquid flow instead 
of against it, and generally speaking the advantages are such that it is surprising 
that the falling film evaporator has not superseded the climbing film. The real 
difficulty is, as might be expected, even distribution of liquor feed to each tube, 
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and even distribution is so difficult to achieve as to handicap the falling film 
evaporator very seriously. 

There is, of course, a pressure drop down the pipe and this is accompanied 
by a temperature gradient, especially if the plant is highly loaded; in other words, 
the tubes arc often too small. Unless the tubes are fairly heavily loaded there is a 
risk that some of the tubes may not get their fair share of feed and will over¬ 
concentrate the liquid flowing down them. That this does in fact occur, even 
with heavy loading, is clear from the appearance of the concentrated liquid 
leaving the evaporator shown in Fig. 198. The output liquid has sometimes a 
mottled appearance due to varying density refracting the light to varying degree. 
This varying refraction is transient and disappears after a short time when the 
liquid reaches an even density by diffusion. Great pains must be taken to 
ensure an even feed to each tube. This is largely a matter of trial and error 
and can be helped by providing a good window at the top of the evaporator 
with good illumination of the goings-on inside. 

The smaller the tubes for a given output the easier is it to get even 
distribution, but small tubes result in a large pressure drop across their length. 
The ideal plant might well have conical tubes which would maintain a good 
initial velocity, would prevent overloading with steam at the bottom of the 
tubes and might make the distribution of the feed easier. 

The great advantage of the falling film evaporator is the short time that the 
liquid is inside the plant. It is more a matter of seconds than of minutes. In 
the plant shown in Fig. 198 the liquid is estimated to be in the climbing portion 
for three to four minutes and in the falling portion for from 20 to 30 seconds. 

It is possible (experiments in a glass model show promise) that the best 
arrangement would consist of a small falling film vessel followed by a large 
climbing film body. The liquid entering the falling film vessel would be 
large in quantity and low in viscosity making for easy distribution. The steam 
in the mixture entering the climbing body makes certain that there could be 
no stagnant liquid column in the bottom of the climbing tubes, thus minimising 
the chance of instability and overloading of the climbing vessel. 

It will be seen that in both the climbing and falling bodies in Fig 198 the 
steam inlet is at the bottom and tlie air vent at the top. This arrangement 
seems to break two rules that have been laid down in Sections 300 and 317; 
namely, that the steam flow should follow the condensate flow and that air 
vents should preferably be at the bottom of a steam space with the steam inlet 
at the top. 

The reason for the arrangement in Fig. 198 is, that the most important 
thing in a climbing film evaporator is to get the film climbing as soon as possible 
and that there is a temperature gradient on each side of the heating surface. 
It has been explained that, due to hydrostatic head and to the resistance of the 
tube to vapour flow, the boiling point of the liquid at the bottom of the climbing 
body will be higher than at the top of the tubes. There will therefore be a 
smaller temperature difference at the bottom, where it is most important that 
there should be the meiximum heat flow. 

As the steam in the steam space flows towards the remote, air venting 
point, the partial pressure of the steam will decrease as the air concentration 
increases, thus causing a falling temperature along the steam space. 
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Were the steam inlet at the top the coolest steam would be in contact with 
that part of the tube requiring the highest temperature. 

In the falling body the pressure drop inside the tubes is to a large extent 
counteracted by the increased boiling point of the more concentrated liquid, 
so that the temperature gradient is less clearly defined. For convenience and 
design tidiness, the same arrangements of steam inlet and air outlet are used 
as in the climbing body. 

369. PERFORMANCE OF CLIMBING AND FALLING FILM EVAPO¬ 
RATORS. Many conflicting figures are published. The conflict is probably 
due to their being recorded on different materials at different densities. 
I aboratory heat transfer rates as high as 1,400 have been published, though no 
ligures approaching this have been given for full sized plants. Here arc some 
figures, for what they are worth, of performances in the author’s factory :— 


Double Effect Climbing Film Evaporator. 




ist Effect 

2nd Effect 

Material : Dilute impure sugar solution : 



Tube length 

. . 

23 ft. 6 in. 

23 ft. 6 in. 

1 ube diameter 

. * 

2 in. 

2 in. 

lube number .. 

. . 

30 

30 

Steam pressure . . 

. . 

12 psi.g. 

6-in. vac. 

Vacuum 

. . 

6 in. 

25 in. 

Liquor density—inlet—per cent. 

solids 

15 per cent. 

Liquor density—outlet—per cent 

solids 


70 per cent. 

Overall heat transfer rate 

.. 

200 to 280 

Single Effect Two Body Climbing and Falling Film Evaporator (Fig. 

198). 



Climbing 

Falling 


Preheater 

body 

body 

Material : Golden Syrup : 




Tube length 

75 ft- 

20 ft. 11 in. 

20 ft. 9 in. 

Tube diameter 

3 in. 

2 in. 

2 J in. 

Tube number . . 

I 

9 

18 

Steam pressure . . 

8 psi.g. 

8 psi.g. 

8 psi.g. 

Vacuum at bottom 


11 • 7 in. 

27 in. 

Vacuum at top . . 


22 in. 

22 in. 

Density of feed—per cent, solids 

62 per cent. 

62 per cent. 

68 per cent. 

Density of outlet—per cent, solids 

62 per cent. 

68 per cent. 

83 • 6 per cent. 

Heat transfer rate 

230 

330 

190 


In view of the viscosity and density (16*4 per cent, water) of the material 
these heat transfer rates, especially in the falling film plant, are excellent. 
The vapour velocity, as shown by the huge pressure drop, is altogether excessive. 
The final vapour velocity at the bottom of the falling tubes is about 600 ft. 
per second. All the vapour from the climbing body has to pass down the 
falling body tubes. A separator between the two bodies and a pass-out 
connection from the separator to the condenser might give a big improvement. 
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370 . HORIZONTAL FILM EVAPORATORS. There are two types : 
internal film and external film. The Yaryan evaporator is the principal 
example of the internal film, and the Lillie is the principal example of the 
external film. In the Yaryan evaporator groups of tubes are connected 
together in series to form what is in effect a single long tube. Limited amounts 
of liquid are fed to each tube. The plant then works like a climbing film 
evaporator with steam bubbles and finally a steam core dragging a film of 
liquid along the inside of the tubes. There are disadvantages. The first is that 
possessed by the climbing film plant; namely, the pressure drop along the long 
pipe. The second is that there is a tendency for a small but relatively thick 
stream of liquid to flow along the bottom of each tube. The third is the 
difficulty of ensuring even distribution to a number of horizontal tubes at 
different levels. 


STEAM VAPOUR 



FIG. 199. LILLIE FILM EVAPORATOR 


The Lillie evaporator is shown in Fig. 199. The heating surface consists 
of a bank of tubes supported at one end in one stout tube plate. The tubes 
are set sloping upwards at an angle of about 5°, and arc closed at their upper 
ends. Steam goes in at the open end and the condensate runs back out of the 
same end. A small nipple with a hole about in. diameter is fitted to the end 
of each tube to vent the air. The liquor is circulated by pump and is sprayed 
over the tubes. The film is thin, there is no pressure drop and there can be no 
local overheating. The heat transfer rate is high. The author can give no 
figures from his Lillie plant, but Kerr has given figures as high as 650 at 
atmospheric pressure. (The heat transfer rate falls off rapidly as the 
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vacuum increases.) There is more liquid in circulation than in the climbing 
or falling plm machines, and the pump, which may damage delicate 
products, is a disadvantage to set against the advantages. Probably the 
principal objection to this type of evaporator, which is shared by all steam tube 
evaporators, is the difficulty of removing scale from the tubes. Apart from 
chemical means, annular brushes are the only possible mechanical means and 
they are most unsatisfactory. 

An early Lillie patent in 1888, in which he shows stage vapour feed heating 
(see Chapter 17) was for a falling film vertical evaporator. 

371 . COMPARISON OF EVAPORATOR TYPES. Generally speaking, 
unless there is some good reason to the contrary, the standard calandria 
evaporator should be chosen. It is cheap, robust, simple, straightforward, easy 
to control, easy to clean, has pretty good circulation, very little hydrostatic 
head and does little overheating. 

A film evaporator is desirable if the product is so delicate that it must be 
heated for the shortest possible time. The choice then probably lies between 
a climbing or falling film evaporator and a Lillie. The falling film has the 
minimum of material in process but has a considerable temperature gradient 
and feed distribution is difficult. The Lillie has no temperature gradient but 
has rather more material in circulation and has a pump. 

Horizontal evaporators, which consist of banks of horizontal steam tubes 
in the liquid, are used in a number of industries, and in particular in power 
stations for the production of distilled water. With non-viscous liquids very 
high heat transfer rates are sometimes obtained. The tubes cannot be cleaned 
very satisfactorily except by chemical means. 

Kerr gives the following comparative figures for heat transfer for different 
evaporators on sugar liquors in quadruple effect. (Multiple effect evaporation 
is dealt with in Chapter 17.) 


TABLE LIII. HEAT TRANSFER RATE IN QUADRUPLE 
EFFECT EVAPORATORS ON SUGAR CANE JUICE 

(Kerr) 



HEAT TRANSFER RATE 

1 

1 BTu SO. rr. HOUR^°r. oirr. 

Isr EFFECT j 

2 nd effect 

3rd effect 

4th effect I 

1 1 

OVERALL 

Standard 

205 1 

280 

240 

40 

191 

Horizontal .. 

290 1 

237 

130 

76 

183 

Lillie 

427 ! 

427 

395 

158 

351 

Kestner 

310 1 

325 

295 

155 

1 

277 


These figures must only be accepted as indicative of the kind of relationship 
between the types of evaporators. The inconsistencies in the figures arc 
patent and are probably due to the impossibility of finding evaporators working 
under comparable conditions. 
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372. SALT EVAPORATORS. In a very viscous solution like a sugar solu¬ 
tion the crystals will only grow very slowly. Due to the viscosity of the liquor 
the crystals arc easily held in suspension and can therefore be grown to any 
desired size within reason. Some solutions, such as common salt brines, have so 
low a viscosity that cry'stals form very quickly and cannot be kept in suspension 
by the fluid liquid. It is consequently difficult to grow them large, even if 
large size were wanted. A virtue is therefore made of necessity and the 
crystallising process is carried out continuously in an evaporator. (Sugar 
crystals can be kept in suspension in a natural circulation pan until they are 
over I in. long, though occasionally disaster overtakes the operator and the 
pan “ sits down ”.) 

A typical salt evaporator was shown in Fig. 187. Figs. 200 and 201 
show two ways in which the salt crystals can be removed without shutting down 
the plant. The evaporator has a steeply conical bottom leading to the salt 
removal gear. In Fig. 200 there are two collecting vessels A. These are 
provided with false bottoms B covered with finely penorated screens. A salt 
discharge door C is fitted. The operation is as follows : Valves E and D are 
opened to equalise the pressure in vessel A. Salt crystals and liquor run into 
the vessel. As soon as it contains sufficient salt as seen through the sight 
glass F, valves D and E are closed and valves G and H are opened. Steam or 
compressed air is put on the top of the vessel A through valve G and the liquid 
is thus driven back into the evaporator, leaving the salt crystals behind on the 
false bottom. Valves G and H are closed, the vessel is blown off through 
valve I and the salt is then discharged through door C. While one vessel 
is being discharged the other vessel is filling. 



FIG. 200. SALT CRYSTALLISING 
EVAPORATOR WITH INTER¬ 
MITTENT SALT DRAW-OFF 
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FIG. 201 . SALT EVAPORATOR 
WITH CONTINUOUS SALT 
REMOVAL 
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Fig. 201 shows another method which is continuous and automatic. The 
bottom discharge pipe of the evaporator leads into the boot of an elevator. 
Elevator and discharge pipe form a large U-tube which seals the vacuum in 
the evaporator. The elevator and discharge pipe must be long enough to 
allow of a depression of liquor level in the elevator corresponding to the brine 
hydrostatic head equivalent to the vacuum under which the plant is working. 

373. CRYSTALLISING PANS AND EVAPORATORS. The essential 
dilference between a crystallising pan and an evaporator is that in a crystallising 
pan the formation of even crystals of a particular size and of maximum yield is 
the object of the process, whereas in an evaporator evaporation is the main 
consideration. 

In many crystallising pans much waste of steam occurs because the pans 
have been designed with too much emphasis on evaporation. At certain times, 
particularly when the crystals are very small, crystal growth is very slow and 
evaporation must be greatly reduced. If there is a large lieating surface it may 
well be impossible to maintain circulation at a very low rate of evaporation. 
The only course is then to take in water drinks, w^hich are just the same as 
blowing steam to atmosphere. A cry^stallising pan should be supplied with 
liquor that has been well pre-concentrated. The pan should be designed to 
give good circulation with a small heating surface and a relatively small total 
heat transfer. The rate of crystallisation in a large pan varies enormously. 
It has been calculated that, in a 6o-ton white sugar pan in the author’s factory, 
crystal growth is at the rate of i lb. of sugar in the first minute after crystal 
growth starts, while it is i ton in the last minute before the pan is finished. 

374. BREWING COPPERS. A brewing copper is quite a different plans 
from an ordinary evaporator. Its primary purpose is not evaporation, but 
simply the extraction of the flavouring and preservative matters from the hops, 
the coagulation of albuminoid matters and sterilisation. For this purpose a very 
brisk circulation is w\anted and this is obtained by boiling. The evaporation it 
often quite unnecessary, in fact water is often added to the wort after it leaves 
the coppers, and the brewing trade arc not agreed as to the necessity or otherwise 
of doing any evaporation at all. Some brewers consider that pressure cooking 
with mechanical circulation and no evaporation would do all that is wanted. 

The steam heated brewing copper, shown in Fig. 234, Section 408, although 
it has a submerged heating surface, relies for its circulation on the steam lift 
principle described in Section 366. The heating surface is of the basket type, 
that is to say w^ort circulation is up the middle and down the outside. The 
heating surface in this particular copper consists of a bank of vertical blind tubes 
like a vertical Lillie. The heating surface is totally submerged but the boiling 
wort forms a mixture of steam bubbles and wort which rises up the central 
pipe and flows in an umbrella-shaped stream *rom the top of the pipe, which is 
provided with a bonnet to deflect the liquid and prevent entrainment. 

Whether there is any real virtue in this type of circulation is an open 
question. It looks very spectacular, but the actual rate of circulation is low 
and it is probable that a much faster circulation would be obtained by the 
adoption of a heating surface more on the lines of a sugar pan. One of the 
essentials of a brewing copper is very easy cleaning. At the end of the day, 
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the hops must all be sluiced off the heating surface. This is not easy with the 
basket type calandria but would be very easy with a ribbon heating surface. 

375 . WATER DISTILLATION. Water evaporation is the easiest of all 
evaporation problems. Water cannot be damaged by high temperatures. 
Water is relatively non-viscous. Very small temperature drops can be used 
because it does not matter how long water is in process. Any convenient 
temperature range can be used that fits in with other parts of the plant. The 
only serious difficulty is scaling of the evaporator heating surface, and it is 
curious that so many water evaporators are made with tubular heating surfaces 
which are the most difficult of all to clean, unless the scale can be allowed to 
get so thick as to be removable by cracking. The tubular evaporator was 
developed for the ship-board distillation of sea water where tubes can become 
badly scaled in a matter of hours. Some quick method, however imperfect 
was needed for descaling. Cracking off was the answer. Unless scaling is very 
rapid and cleaning must be done very often, more easy and effective cleaning 
can usually be done to a standard calandria than to tubular heating surfaces. 

Very high heat transfer rates are obtained on some water stills. This is 
chiefly because it is often possible to insert them in a high temperature part of 
the heat circuit, due to the robustness of water. Some water stills operate with 
a heat transfer rate of i,ooo. 

376 . REPLACEMENT OF REDUCING VALVES BY STILLS. As has 
been explained in Sections 74 and 117a reducing valve does nothing thermo¬ 
dynamically useful. It gives a little superheat to saturated steam—see Section 48 
and Table VI. If the steam is wet the wiredrawing may dry it to a small 
extent, but as was shown in Section 182 it needs a very large pressure drop to 
do any substantial drying. In the example given in Section 182 a reduction 
from 100 psi to 30 psi will only evaporate i *9 per cent, of wetness. 

Let us take the example given in Section 182, where steam is reduced from 
100 psi to 30 psi and let us replace the reducing valve by an evaporator or still, 
so that the pressure reduction will give us good distilled water as quid pro quo 
for the otherwise useless entropy increase. The performance of an evaporator 
is largely dependant on the temperature of the liquid fed into it. There are 
many ways in which such feed heating can be done. In an industry like the 
sugar industry most of the heat is rejected in the form of vapour at about 
140"^ F. In other industries, dye works for example, the heat is rejected in the 
form of hot effluent. In such cases a heat exchanger in the effluent line can 
heat incoming cold water to within a few degrees of effluent temperature. 
Most factories can, by a little rearrangement, take more heat out of their flue 
gases, either by installing an economiser or by getting more work out of their 
existing economiser (see Section 719) when water to the evaporator can 
probably be heated for nothing to about 180° F. The feed can also be heated by 
taking heat out of the condensate that would otherwise cause flash. If the 
feed is already hot it will boil before it reaches the evaporator, if a con¬ 
densate heat exchanger is used. To prevent the condensate leaving with 
excessive heat if the feed is so hot that it cannot absorb all the surplus condensate 
heat, the condensate can be flashed down to 30 psi and the flztsh steam added 
to the evaporator output. Another difficulty with a feed/condensate heat 
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exchanger is that under varying outputs the performance of the heat exchanger 
varies. If it is desired to keep the condensate temperature constant without 
automatic temperature control this can be done at 212® F. by allowing the 
condensate to flash at atmospheric pressure and collecting the flash heat in a 
simple spray condenser. 

Two conditions will be considered, the first with low temperature feed and 
the second with warm feed. Fig. 202 shows the arrangement with low 
temperature feed and a feed/condensate heat exchanger. Fig. 202a shows the 
conditions when i lb. of 100 psi steam is put in. Fig. 202b shows the quantities 
corrected to give i lb. of output 30 psi steam. In both of these arrangements 
there can only be one particular rate of flow that will give the particular heat 
exchange shown for the particular heat exchanger. In the diagrams the figures 
in round brackets ( ) represent total heat and the figures in square brackets [ ] 
represent latent heat in Btu. 




FIG. 202. WATER EVAPORATOR ANALYSIS 


The method of working out the conditions in Fig. 202 is : 

One pound of 100 psi.g steam put in will give up its latent heat [882] in the 
evaporator. 

The condensate will leave the evaporator with (309) units of sensible heat. 

If we wish the condensate to come out at 212° F. it must give up (129) 
in the heat exchanger. 

The total heat given up will be [882] + (129) = (loii). 

Saturated steam at 30 psi contains (1173) of total heat. 

If the feed is at 50° F. one pound of feed will contain (18) of sensible heat. 
The heat addition necessary to convert 50® F. feed into 30 psi saturated steam 
will be 1,173 18 = (1,155)- 

It follows that if i lb. of 100 psi steam can contribute (1,011) it will produce 

^011 O 11 . Z' 

-== *875 lb. of 30 psi steam. 
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The feed therefore is *875 lb. at 50® F. containing (16) of sensible heat. 

In the heat exchanger (129) will be added making the total heat of the 
feed entering the evaporator (145). 

This, on *875 lb. of water corresponds to (166) on i lb. of water, so that 
the feed temperature will be 198® F. 

The latent heat [882] from the 100 psi steam will be added in the 
evaporator giving (1,027) output vapour. 

Check .—One pound of 30 psi steam contains (1,173) therefore the quantity 
of output steam containing (1,027) should be —^ = *875 lb. 

In Fig. 202b the quantities have been raised proportionally to give an 
output of I lb. of 30 psi steam. 

In Fig. 203a the feed is taken in at 140® F. The heat exchanger is not 
applicable, so the condensate is flashed down in two stages, first to 30 psi and 
then to atmospheric pressure. The 30 psi flash is added to the output and the 
212® F. flash is used to heat the feed in a spray condenser. 

The method of working out must be a little more complicated. 

We put in i lb. of 100 psi steam. 

This will give up [882] of latent heat in the evaporator, leaving (309) in the 
condensate. 

The condensate now goes to a flash pot at 30 psi. This can either be a 
vessel with a trap attached or can be a large trap with a top connection to pipe 
off the flash steam. 

One pound of water at 30 psi boiling point contains (243) Btu. 

There will therefore be 309 — 243 — [66] excess heat to form flash steam. 

The latent heat of 30 psi.g. is [930]. 

66 

The excess heat of [66] will cause an evaporation of-= *071 lb* 

930 

The total heat of 30 psi steam is (1,173), 

so that -071 lb. of flash steam will contain 1,173 ^ ’071 = (83) of 
total heat. 

The flashed condensate at 30 psi will now weigh i — *071 = *929, 

and will contain 309 — 83 = (226) heat units. 

This condensate leaves the flash pot and passes into a flash tank at 
atmospheric pressure. 

Now I lb. of water at atmospheric pressure cannot carry more than (180) Btu. 

so that *929 lb. cannot contain more than 180 x *929 = (167). 

There will therefore be 226 — 167 = [59] of excess heat to cause flash at 
atmospheric pressure. 
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The latent heat of i lb. of water at atmospheric pressure is [971], 
so that - 52 . = .061 lb. of flash steam will be formed. 

971 

This will have a total heat of 1,151 X *061 == (70) Btu. 

This flash steam at atmospheric pressure is led into a condenser through 
which the feed is sprayed. 



a 


O 8«7 

_30|p.i _ _ O 9S8 

(1041) I (no7) 



b 


FIG. 203. WATER EVAPORATOR ANALYSIS USING FLASH 

We must now find out how much feed can be taken in heated and 
evaporated. 

The feed is at 140° F. and contains 140 — 32 = (108) of sensible heat per lb. 
If the weight of the feed is x the feed heat content will be (io8x). 

In the spray condenser this receives an addition of -061 lb. containine 
(70) Btu. ^ 
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The feed entering the evaporator therefore consists of x + *061 lb. 
containing (70 + loSx) heat units. 

In the evaporator [882] is added so that the output consists of 
a: + *061 containing (952 + io 8 x) of heat. 

Now I lb. of 30 psi steam contains (1,173) so that 

I ^ + '061 

1173 952 + 108^ 

952 + io 8 x = 11 73a; + 72 

880 = 1065A: 

•826 = a: 

We can now substitute • 826 for x and complete the analysis as in Fig. 203b. 
We can adjust the quantities all round so as either to put out 

I lb. of 30 psi steam which will call for 
I *044 lb. of 100 psi steam, 

•862 lb. of feed and give 
•906 lb. of condensate ; 

or we can produce 1 lb. of condensate which will need 
1*15 lb. of 100 psi steam, 

•951 lb. of feed and give 
1-103 lb. of 30 psi steam. 

There are three practical omissions. The first is blow-down, the second is 
radiation loss, the third is the feed pump. In Fig. 204 all these things have been 
allowed for. 

It has been assumed that a blow-down of 2 • 5 per cent, is necessary 

and that the radiated loss represents about 2*5 per cent, of the total 
heat input. 

The feed pump is assumed to be non-expansive direct-acting, taking steam 
at 100 psi and exhausting into the 30 psi main. 

It is assumed that the overall steam and water efficiency of the pump is 
50 per cent, (rather optimistic). 

The work the feed pump must do is to pump against the evaporator pressure 
of 30 psi.g. which Table XXXII tells us is equivalent to 69 ft. head of water. 

To pump I lb. against 69 ft. is 69 ft. lb. At 50 per cent, efficiency this 
becomes 138 ft. lb. 

» Refe ence to Section 116 tells us that the work available from steam in 
such a pump is the external energy only — the product of the volume increase 
and the gauge pressure. 

The volume increase of 100 psi steam from water is 3-88 cu. ft. 

The external work done by i lb. of 100 psi steam is therefore 
3*88 X 100 X 144 == 55,872 ft. lb. 
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In order to do 138 ft. lb. of work the feed pump will use 

138 


55872 


= • 00247 


of steam per pound of feed. 


Fig. 204a shows the method of working out, and Fig. 204b shows the 
solution for x. 




FIG. 204. WATER EVAPORATOR ANALYSIS WITH 
FLASH USE, FEED PUMP, BLOW-DOWN AND LOSSES 
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Wc can now adjust the proportions to make any desired item unity thus :— 



Fig. 204A 

A 

B 

C 

D 

Input 100 psi steam 

I • 002 

I -o 

I ^076 

1-154 

1*223 

Output 30 psi steam 

•931 

•929 

1^0 

1-073 

1*137 

Condensate 

•868 

•866 

•932 

I -o 

I *060 

Feed 

•819 

•817 

•880 

•944 

I -o 


This is roughly what can be expected in practice. It must be decided 
whether the distilled water is worth the price that has to be paid for it. Thermally 
there is no loss except say 2 • 5 per cent, radiation loss, but there is considerable 
plant. Let us see what the plant consists of if we wish to produce 5,000 lb. of 
30 psi steam per hour. 

One trap—10 gallons per minute at 100 psi. 

One trap—10 gallons per minute at 30 psi. 

One flash tank—say 3 it. X 3 ft. X 3 ft. 

One spray condenser—12 in. pipe 7 ft. long. 

One feed pump—10 gallons per minute at 40 psi. 

One evaporator—capacity 5,000 lb. per hour. 

By scheme B to get i - o lb. of 30 psi steam we must put in i *076 of 100 psi 
steam. 

Fig. 204 shows that the heating surface has to transfer 882 Btu per lb. of 
input steam. 

The total heat transfer will therefore be 882 X 1*076 X 5,000. 

The temperature of 100 psi saturated steam is 338® F. and of 30 psi steam 
is 274° F. so that the temperature difference will be 64° F. 

The heat transfer rate will probably be over 500 Btu/sq. ft./hour/° F. diff. 

rr^i 1 • r -11 1. 682 X 1*076 X 5000 _ _ 

The heating surface will be----== 148 sq. ft. 

500 X 64 

Suppose we say we will use 2 in. tubes for really easy cleaning and make 
them 36 in. long, then each tube will have a surface of 1*58 sq. ft. If we say 
that a 12 in. downtake, with a surface of 9 sq. ft. will take care of 
circulation, then we shall need about 88 tubes. The evaporator will look 
something like Fig. 205. 

This calculation is not given in order to encourage factory owners to design 
their own evaporators—this is a task for experienced specialists—but merely 
to enable them to make rough estimates of the kind of plant that will 
be required for certain tasks. 

377 . REMOVAL OF SCALE. Scale is deposited on the heating surfaces of 
most evaporators. Almost all process liquors that require concentration have 
scale-forming properties. Most scales are mixtures of various salts. One of the 
most troublesome and most common is calcium sulphate. In some cases in 
crystallising evaporators the crystals adhere to the heating surface. This 
occurs with common salt. Vigorous circulation reduces salting-up considerably. 
Most brines contain calcium sulphate which deposits with the salt. This 
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makes the removal of the calcium sulphate scale easier though it increases the 
salting-up because the sulphate cements the salt crystals together. Most salt 
evaporators require boiling out with fresh water once or twice a week. This 
sometimes so softens the sulphate scale by dissolving the soluble scale as to allow 
the sulphate scale to fall off as a sludge. 



FIG. 205. PRACTICAL DESIGN OF THE EVAPORATOR 
ANALYSED IN FIGS. 202 , 203, 204 


There are many ways of removing scale, none of them really perfect. Some 
evaporators have their tubes slightly oval so that variations in pressure expand 
or flatten the tubes and flake the scale off. In some factories and industries 
the tubes are heated with steam with the evaporator empty and the steam is 
quickly shut off and immediately followed by cold water. The sudden contrac¬ 
tion (sometimes) flakes the scale off. In other cases steam is put on to the coils 
of an empty evaporator and cold water is played on to the coils from a 
hose through the manhole. This is sometimes successful in flaking off the 
scale. Sometimes, especially in coil pans, men have to go in and chip the scale 
by hand. Many power station water stills are made so that the heating surface 
can easily be withdrawn for greater ease of cleaning. 


350 




HEATING IN PANS AND EVAPORATORS 


§377 

The standard calandria and the climbing and falling film evaporators can 
be cleaned with the ordinary tube cleaning tools. They are much more easily 
cleaned than any form of tubular evaporator, which is, generally speaking, 
exceedingly difficult to descale, except by chemical means, or, when the scale 
is heavy and quick growing, by cracking by contraction. 

Chemical means are often used. Sodium carbonate or sodium hydroxide 
separately or mixed are cooked in the evaporator and the hard sulphate scale 
is converted to carbonate or hydroxide scale which can be more easily scraped 
or brushed off, or can be dissolved with dilute acid. If the sulphate scale con¬ 
tains an appreciable percentage of scale soluble in hydrochloric acid all that is 
needed is a soaking in acid. The sulphate is disintegrated if its companion 
solids are dissolved out. There is little danger to the metal of the evaporator 
in acid washing provided the acid is dilute. If it is desired to use stronger acid, 
or to be on the safe side, inhibitors, such as formaldehyde, can be added to 
prevent the metal being attacked. 

One of the best ways of minimising scale formation is to ensure the most 
rapid possible circulation. 

Fluff and dust on an air heater are the same as scale on a liquid heater or 
evaporator. Dirt is usually an excellent insulator and the performances of 
many air heaters are disappointing simply because the heating surface has been 
allowed to get coated with fluffy dust. Air movement does not diminish dirt 
adhesion in an air heater as liquid movement diminishes scale formation in 
many liquid heaters. Some forms of dirt are very difficult to remove. High 
pressure water jets will sometimes be effective, but in many cases cleaning by 
hand will be necessary. Only too many heaters are built with no provision 
whatever for access to the heating surface. Every air heating surface will 
quickly get dirty, must be accessible, must be frequently inspected and when 
necessary cleaned. 

♦ 3|c lie 

This Chapter is heavily biased towards sugar industry practice. This was 
inevitable, but the reader is warned so that he may take generalisations with a 
grain of—sugar. 

« ♦ ♦ 


M 2 


(66233) 


351 



CHAPTER 13 


HEATING BY DIRECT STEAM CONTACT 

Like a hell broth boil and bubble. 

SHAKESPEARE. Mocbeth, i6oi. 

STEAM is often used to heat a solid in sterilisers or steamers for cooking 
or for sterilising, or it may be used to effect a chemical action in autoclaves, 
as in the curing of rubber. 

Steam, blown directly into a liquid, is a very common method of heating. 
It is simple ; the plant is cheap ; but much steam can be wasted. It is by 
fir the best way of heating water if the steam is clean and the operation is 
correctly done. 

Steam is blown into liquids to effect distillation. The steam lowers the 
partial pressure (see Section 318) of the liquid and permits distillation to take 
place at a much lower temperature than would be necessary were the liquid 
to be left to itself or even to be evaporated under a high vacuum. This steam 
distillation is very specialised and is only used in industries that have a highly 
technical staff who know a great deal more about it than does this author. 
It will, therefore, only be touched on very lightly. 

378. AUTOCLAVES, STERILISERS AND STEAMERS. These plants 
are the same thing, but they go under various aliases. They consist simply of 
vessels with large steam-tight doors through which the material to be processed 
is put in and taken out. The material is then treated with open steam at the 
appropriate pressure to give the desired temperature. The great benefit of 
this method of heating is that the heating up process is very quick and that an 
exact, unvarying temperature is obtainable. Saturated, air-free steam can 
only have one definite temperature at a particular pressure. For sterilisation 
an exact temperature is absolutely necessary. This temperature must be the 
germicidal temperature and no more. High sterilisation temperature spoils 
many things—for example mattresses. Were a heating surface used there 
would be no guarantee that the temperature shown by the thermometer 
represented the temperature at all parts of the vessel—in fact it almost certainly 
would not. Heating up by means of a heating surface would be very slow and 
the temperature would not remain constant without elaborate thermostatic 
control. With open steam the temperature instantly rises to that of the steam 
and stays there ; all parts of the vessel are at the same temperature ; elaborate 
control is not necessary—but safety precautions are. Autoclaves, sterilisers 
and steamers have a high accident rate. 

Open steam in a kitchen steamer is used for a different reason, although 
the quick heating and constant temperature are incidental advantages. A 
steamer is used to cook at moderately low temperatures without losing the 
juices of the fish, vegetables or puddings. Frying, roasting, baking and grilling 
are high temperature processes which are not always suitable for vegetables 
or for invalid food. Stewing and boiling necessarily dissolve some of the soluble 
matters in the food. Steaming neither dissolves, evaporates, dilutes nor burns 
the food, and is consequently often a very desirable process. 
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379 . VENTING AUTOCLAVES AND STERILISERS. In all vessels 
where open steam is heating a solid the whole principle breaks down if 
the vessels are not properly air-vented. Once the plant is started and the walls 
are hot there is very little steam flow. There is no definite remote ” point 
at which to fit a vent. The best way is to fit several vent cocks at different 
points. Some vents should come from the top of the vessel and some from the 
bottom. Charge the vessel with material. Open all the vents. Close up the 
doors and turn on the steam. Allow the vents to blow lustily. Then close all 
the vents but one and allow each vent in turn to blow full for an appreciable 
time. There is no use imagining that air does not matter ; it very much 
does. It may be truly a matter of “ air is death Suppose a surgical dressings 
steriliser is half full of air, the pressure is no indication whatever of the tempera¬ 
ture, which may be well below germicidal temperature. When post-operative 
sepsis occurs, no one remembers the air vent on the steriliser. 

Suppose an autoclave is used for sterilising a filter cloth that is impregnated 
with bacteria. It is desired to heat the cloth to 240° F. to kill all the spores. 
This calls for a steam pressure of 10 psi.g. Suppose the autoclave is closed up 
and the steam is turned on without any air-venting. When 10 psi is shown on 
the pressure gauge only 40 per cent, of the volume of the autoclave will contain 
steam. Consequently the steam will only have a temperature corresponding 
to the partial pressure of the steam. 10 psi.g. is 25 psi.a. and 40 per cent, of 
25 is 10 psi.a. The temperature of 10 psi.a. steam is only 193° F. instead of the 
desired 240° F. The spores will chuckle in their cosy nest ! 

In most hospital sterilisers actual germicidal tests are done. A tube 
of infected cotton wool is placed periodically in the steriliser and the time of 
processing is adjusted to ensure complete destruction of the bacteria. This 
is a wise precaution that should never be dispensed with, but proper venting of 
the steriliser is preferable to trial and error methods. 

Sterilising is a time-temperature process, as are certain other contact 
heating processes. So that effective sterilisation may be secured by extending 
the processing time at a lower temperature. But an extension of time means 
a lower output and is therefore undesirable, apart from possible damage to the 
articles being sterilised due to the extended period under heat. 

Another important use for autoclavic methods is in the curing of rubber 
articles. The vulcanisation temperature is critical. Spoiled work is bound to 
lesult if the air is not vented, because the processing temperature will not be 
reached. The working pressure is probably raised in order to secure correct 
processing. Then one day the air is vented, by a more conscientious operator, 
and the work is spoiled by too high a temperature. 

Thermostatic air vents can be fitted to sterilisers and to some steamers, but 
owing to the corrosive action of the steam in some autoclaves—vulcanisers 
for example—the thermostatic element will corrode away sooner than later. 
Air venting is however of such importance that it may pay to fit the thermo¬ 
static vents and renew them, possibly annually. 

380 . TRAPPING AUTOCLAVES AND STEAMERS. This presents 
difficulties. Clearly an expansion trap that will pass air in large quantities is 
desirable. Any liquid expansion trap is however undesirable on, say, a rubber 
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curing vessel because the condensate after contact with the rubber will be 
corrosive and will attack the trap bellows. A liquid expansion trap is therefore 
less likely to be the choice than a metallic expansion trap. Metallic expansion 
traps, however, often have a very low discharge rate. It may pay to use a 
balanced pressure expansion trap and to renew it every year or so. 

In the case of food steamers it is only a question of time before the trap 
gets clogged with fat or fragments of food. It may be better to fit no strainer 
in front of the trap, but simply a coarse grid to catch the larger food fragments. 
A fine strainer, unless changed daily or oftener, will choke very quickly. The 
trap must be very robust to stand very frequent dismantling and cleaning. 
For this reason a metallic expansion trap is probably best. To enable any form 
of expansion trap to drain a plant promptly the trap should be connected to 
the plant by a downward sloping unlagged condensate pipe about 4 feet long. 



DOOR PARTLY LOCKED DOOR LOCKED DOOR UNLOCKED 

STEAM LOCKED OFF STEAM ON 5TFAM LOCKED OFF 

BLOW-OFF LOCKED OPEN BLOW-OFF SHUT BLOW-OFF LOCKED OPEN 


FIG. 206. SAFEGUARDING AUTOCLAVES, STERILISERS OR STEAMERS BY DOOR AND 

STEAM INTERLOCK 

381 . SAFEGUARDING AUTOCLAVES AND STEAMERS. The ideal 
arrangement of door handles and steam valves is such that they are so inter¬ 
locked that it is impossible to open the door, or unlock one handle, unless the 
steam is turned off and the pressure inside the vessel is blown off. Safeguards 
are usually adequately incorporated in the products of reputable manufacturers, 
but the handles and interlocks may have been removed and replaced wrongly, 
or a home-made autoclave may be rigged up without proper precautions. 
Fig. 206 shows a design of locking gear where the steam valve can only be 
operated when all the door locks are in the locked position. The locks can 
only be opened when the steam is shut off and the blow-off cock is open. The 
great disadvantage of any such arrangement is that it calls for cocks instead of 
valves. Cocks are probably the most troublesome single item of simple plant 
that exist. Interlocking of valves is much more difficult and much less certain. 

382 . BLOWERS. Nozzles for blowing steam into a liquid are often called 
injectors. This is a bad name. An injector is a definite special piece of plant 
in which kinetic energy is converted into pressure energy and is used for 
pumping. I’he author prefers the word ‘‘ blower and this will be used. 
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When steam is blown into a liquid the bubble of steam expands and heats 
and displaces the adjacent liquid. As the bubble expands some cool liquid 
comes into contact with it, condensation takes place at once and the bubble may 
collapse with a bang. Under certain circumstances condensation may occur so 
quickly that the liquid is drawn back into the steam pipe, from which it is then 
suddenly ejected. This may set up an oscillation, and a kind of jet propulsion 
unit is formed which operates with a series of sharp explosions. This will cause 
disintegration of the plant. Hammering due to badly working open steam 
blowers will shatter cast iron tank plates, will loosen rivets, fracture welds and 
transmit undesirable vibration to buildings and to neighbouring plant. 

It is essential for the quiet operation of a blower that an even flow of liquid 
at a steady temperature should mix with the incoming steam. Many designs 
of blowers are available—some of them serve their purpose excellently. Some 
designs are shown in Figs. 207 to 210. All work on the ejector principle. The 
blower shown in Fig. 207 gives good results in small sizes, particularly where it is 
desired to spread the steam over a long tank. Fig. 208 shows an arrangement 
that is working satisfactorily in the author’s factory, where it is performing 
the heating whose calculation was done in Section 235, Chapter 6. Endless 
difficulties over 30 years with this plant had been experienced until many of 
these small blowers were fitted. 
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FIG. 207, SIMPLE STEAM BLOWER 


Fig. 209 shows a very common design of blower. This design is satisfactory 
at its rated load (like any injector or ejector there is very little margin) but 
hammers or back-fires at other loads. If large and varying quantities of steam 
are to be added, it is essential to split the input up over many small blowers 
rather than concentrating it in one or two large ones. This spreads the ham¬ 
merings into a lot of little unsynchronised rattles which may be so small as to 
be quite unobjectionable. 



FIG. 208. ARRANGEMENT OF SIMPLE BLOWERS IN LONG 
CRYSTAL MELTER 
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Fig. 210 shows a blower that has proved to be fairly satisfactory all-round. 
It will operate with reasonable smoothness over quite a large load range. It is 
almost completely silent round about its rated load. It has the advantage that 
it is designed to be fitted on the end of a drop pipe so that there is no need to 
bring a steam connection through the bottom or side of the vessel. This is a 
great advantage where glass-, lead- or other lined vessels are used. It will operate 
satisfactorily on water or on dirty or very viscous liquids. The small holes A 
can be added if the material is likely to deposit solids in the saucer top of the 
blower. 



FIG. 209. STEAM 
BLOWER vam NARROW 
RANGE OF PERFORMANCE 


STEAM 



FIG. 210 . GOOD DESIGN OF 
STEAM BLOWER 


Blowers can be very unsatisfactory, and, by violent hammering, can cause 
many breakdowns and much unnecessary maintenance. They will repay care 
and thought on their choice and installation. 

Perforated pipes are often used, sometimes quite successfully. They often 
fail, however, and sometimes hammer badly. In many cases the material being 
heated contains solids in suspension or is a material that can crystallise on 
cooling, or there may be a tendency to throw down a precipitate. In such 
cases perforated pipes often get blocked and they are very difficult to clean. 
Where the steam is not condensing in the liquid, as in steam distillation, 
perforated pipes can be and are being used. Small, widely spaced holes are 
less likely to cause bumping or hammering than large or closely spaced holes. 
If a perforated pipe is to be used it should be long with small holes well spaced. 

383 . THE HAWLEY BOILER. This machine is a simple water boiler 
which has been in use, at any rate in the sugar industry, for over half a century. 
It produces water at just over atmospheric boiling point, and it cannot deliver 
water either hotter or cooler. It contains no thermostat in the recognised sense 
of the term. 

Fig. 211 shows the original design, of which a number have been working 
in the author’s factory for over 50 years. Cold water enters through valve A 
and is distributed over the surface of the water in the boiler by the perforated 
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pipe B, The valve A is controlled by the float C which is counterbalanced by 
the weight D through the chain and wheel E. The steam valve F is controlled 
by the piston G which is suitably loaded by the weight H. The steam enters 
through the four tangentially placed blowers K (which hammer like the devil 
because they are badly designed). When the water is cold there is no pressure 
in the boiler so that piston G is down and valve F is open. As soon as the water 
reaches boiling point steam breaks the surface and sets up a pressure in the 
boiler. This pressure acts on piston G and closes the steam valve F. The water 
outlet is through the siphon pipe L which is broken by the vent pipe M. No 
water can get out of the boiler unless there is sufficient pressure to overcome the 
head P. 



FIG. 21 I. THE HAWLEY BOILER 


When water is drawn off the level drops, float C opens valve A which admits 
cold water. This cools the boiler contents, lowers the boiler pressure and piston 
G opens valve F to admit steam to reboil the water and to give the pressure 
necessary to overcome head P and so discharge water. When the draw ceases 
the water level rises, float G closes valve A, the steam pressure closes valve F 
and the boiler shuts itself down until a new draw occurs or until it has cooled 
enough to drop the pressure, when the piston G admits more steam. 

The machine is crude in the extreme and works jerkily. With hard water 
the piston G eventually jams in its cylinder due to splashes evaporating on the 
cylinder walls and depositing scale. When the boiler is in a bad state, it occasion¬ 
ally happens that the water level drops quickly with possibly an undue steam 
admission and the water seal may be broken. A mixture of water and steam 
is then blown out of tlie vent pipe M. Once this happens it goes on until 
attended to as it is not a self-correcting condition. 




(66233) 
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The Hawley boiler could be greatly improved. Gear C E D could be 
replaced by a float with a bellows seal like the arrangement shown in Fig. 131 
Section 1292. The water inlet valve could be servo-operated. Piston G should 
be taken out of the boiler altogether and placed outside with a small pipe 
connection to deliver the pressure impulse, thus preventing the deposition of 
scale. 

The water delivered by the Hawley boiler must be just above atmospheric 
boiling point. The pressure inside the boiler before water can be discharged 
must be atmospheric pressure plus head P. If P is about one foot the necessary 
discharge pressure will be about • 4 psi.g. when water boiling temperature will 
he about 214® F. 

384 . THERMOSTATIC BLOWER TANKS. The Hawley boiler has 
certain advantages. It cannot, provided it is in good order, waste steam after the 
water has been brought to the boil, because any steam that breaks surface acts 
on the piston and shuts off the steam supply. It can never, even when it goes 
wrong, supply water below boiling temperature. But it may not appeal—it is 
rather Heath Robinsonian, or, for the sake of the present generation, Emettian. 
A tank heated by thermostatically controlled blowers has certain advantages. 
The thermostat can be set to maintain any desired temperature. If however 
water at boiling point is required thermostat tanks can be very wasteful. The 
thermostat bulb must be correctly placed and must be very responsive. The 
hottest water in the tank will rise to the surface, so that the thermostat bulb 
should be placed in the upper part of the tank well away from the blower. 


WATER 



FIG. 212. GOOD ARRANGEMENT OF HOT WATER TANK WITH 
THERMOSTATIC STEAM BLOWER AND FLOATING DRAW-OFF 



Fig. 212 shows the right way of drawing off the water from such a hot water 
tank, the right way of fitting the thermostat and the right place for the blower. 
The draw-off pipe A can swing on the loose threaded elbow B so that the hottest 
water will be drawn off. Float C maintains the mouth of pipe A just below the 
water surface. The link D operates the water valve E and controls the inlet 
of cold water which is directed towards the bottom of the tank. The thermostat 
bulb F is attached to A and so is always measuring the temperature of the water 
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just below that which is being drawn off. The thermostat operates the steam 
valve G which admits steam to the blower H. 

In some arrangements a modified form of expansion trap is used as a com¬ 
bined thermostat and steam valve. This is shown in Fig. 213 and is clearly 
undesirable. The thermostat does not control the temperature of the water in 
the tank, but the temperature round the blower which may well be steam 
temperature. Another very common fault is also shown in Fig. 213. The 
tank outlet is placed immediately under the cold water inlet. As cold water is 
denser than hot water the incoming cold water drops straight into the outlet. 
The author once lived in a house where the hot water tank was arranged in 
this way and although the water in one side of the tank was often at boiling 
point it was never possible to have anything but a tepid bath. 



FIG. 213 . BAD DESIGN OF HOT WATER lANK 
WITH THERMOSTATIC BLOWER AND DRAW-OFF 
BELOW COLD WAIER INLET 


385 . WIREDRAWING AND WASTE. When Steam is blown into a liquid 
through a blower the steam must expand. Often the expansion is considerable. 
Steam at 20 psi may be blown into a tank or vat containing only 3 or 4 feet of 
liquid. This corresponds to a pressure of only i or 2 psi. Saturated steam at 
20 psi contains 1,168 Btu. At 2 psi saturated steam has a temperature of 219° F. 
Steam at 2 psi containing 1,168 Btu has a temperature of 249° F. 
There will therefore be a superheat of 30° F. at the blower’s mouth. Before 
this steam can condense it must give up its superheat. If the bubbles are fairly 
large it may not be able to desuperheat itself before it breaks the surface. This 
often causes great waste—particularly in dye vats. See Sections 48 and 176. 

It has been explained in Section 182 that the wiredrawing of wet steam 
will effect some drying of it, so that it might be thought that as process steam is 
almost always wet, there would be no superheating from wiredrawing. This 
is not necessarily true when the wiredrawing is taking place submerged in a 
liquid. If the moisture is present as actual water droplets these may be scrubbed 
out of the steam in the blower, leaving the steam dry as it emerges from the 
blower. It will then expand and superheat itself. 

The drying effect of scrubbing wet steam with water is used in the steam 
drums of modern high pressure boilers for reducing the moisture in the steam 
delivered to the superheater. The steam is made to bubble through some of the 
water by means of a scries of baffles and the drying effect is very marked. 
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It is therefore important that steam that is to be blown directly into water 
or a water solution should be reduced to the lowest possible pressure as far 
upstream of the blower tank as possible, so that any superheat can be used up 
by making up radiation losses and the steam will reach the blower at the lowest 
possible pressure and with the least amount of superheat. This will probably 
be quite successful. It has been explained in Section 182 that the wiredrawing 
of wet steam is seldom sufficient to dry out more than a small trace of moisture. 
Early pressure reduction is the sure way of minimizing wiredrawing in a 
blower. 

386 . STERILISING BY OPEN STEAM. Many organic liquids contain 
bacteria which may be destructive and harmful. If the liquid is cold water, 
sterilisation by means of ozone is probably the cheapest method. Ozone may 
be inadmissible in other liquids, which are therefore sterilised by means of heat. 
Bactericidal temperature may damage the product, and the choice is between 
damage by bacteria and damage by heat. It is sometimes possible to kill most 
of the bacteria by the use of open steam in such small quantity as not to overheat 
the liquid. Open steam must always be at or above the saturation steam tem¬ 
perature and momentarily steam at this temperature contacts the bacteria. 
Provided a good circulation is maintained most of the bacteria get a chance of 
being slain. 

In the author’s factory warm, dilute sugar solutions, ideal homes for breeding 
bacteria, are to a great extent sterilised by blowing in open steam which is a 
much quicker process than heating through a surface. Two samples of infected 
liquor were heated up by the same amount in the same time ; one sample was 
heated through a heating surface and the other by means of open steam. Here 
are the bacterial counts which show the marked advantage of open steam. 


Time 

Temp. 

Mesophils {mJ. 

Min. 

°F. 

Open steam 

Closed steam 

Original liquor .. .. 0 

130 

6,400 

6,400 

5 

185 

10 

320 

12 

185 

2 

8 

It will be noticed that closed steam does the sterilisation after 
course it has the advantage that it does not dilute the liquor. 

a time, and of 


387 . STEAM DISTILLATION. Boiling, as has been explained in Sections 
II to 13 in Chapter i, depends upon having sufficient energy in the liquid 
to cause the vapour pressure, exerted by the molecules trying to escape, to 
overcome the pressure acting on the liquid. If the vapour pressure of the liquid 
is high it can be reduced to a low partial pressure by blowing steam through. 
The steam exerts a large partial pressure and greatly reduces the temperature 
needed to effect vaporisation of the higher boiling point liquid. 

The steam, if it is saturated, should not be called upon to provide any of 
the heat needed to effect vaporisation of the other liquid, because this would 
introduce water in the liquid phase which would affect the distillation adversely. 
The heat in the distillation steam is therefore all wasted in the condenser, 
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though it may be possible to recover some of the heat by some regenerative 
heating process. Thermally, therefore, the process is a bad one, but it may be 
very practical and good from a production standpoint. Again we can take the 
opportunity of pointing out that in a process factory the process comes first. 
Many materials are damaged by high temperature and if the boiling point 
of the substance that is to be distilled is very high, the only alternative to steam 
distillation is distillation at very high vacuum, which may be even more costly. 
Steam distillation is very simple and straightforward. Distillation under very 
high vacuum calls for tireless maintenance and effort. The costs and dis¬ 
advantages must be balanced and a decision made for each individual case on 
its own merits. Probably steam distillation will be combined with vacuum 
distillation. 

388 . QUANTITY OF STEAM USED IN STEAM DISTILLATION. 
A simple example will be considered to bring out some of the points. Suppose 
it is desired to distil aniline. Under atmospheric pressure aniline boils at 
356® F. If we say that there should be a temperature drop of 60® F. across 
the still heating surface, the heating steam would need to have a temperature 
of 416® F. and would therefore have to have a pressure of 280 psi.g. This is 
high pressure live steam. Suppose there is a shortage cf live steam but a surplus 
of exhaust steam, we can use exhaust steam for steam distillation even if it 
means using more steam. Here is the oversimplified calculation. (The 
oversimplification is due to neglect of certain complications such as the mutual 
solubility of aniline and water, etc.) 

Annexe B shows vapour pressures to which we shall have occasion to refer 

ANNEXE B 


Temperature Vapour pressure—mm Hg, 


°a 

°F. 

Water 

Aniline 

50 

122 

93 

2-4 

60 

140 

149 

5-7 

70 

158 

234 

10*6 

80 

176 

355 

i8'0 

90 

194 

526 

29 

100 

212 

760 

46 

no 

230 

— 

69 

120 

248 

— 

97 

130 

266 

— 

146 

140 

284 

— 

204 

180 

356 

- 

760 


Suppose it is desired to distil aniline at 140® F. 

At 140° F. the vapour pressure of aniline is 5-7 

At 140® F. the vapour pressure of water is 149 

The sum of the two partial pressures is .. 
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This is the pressure of steam distillation 

and is equivalent to .. .. .. .. .. 3 psi.a. 

or a vacuum of .. .. .. .. .. .. 24 in. approx. 

The amount of steam used for steam distillation is given by the following 
relation :— 

(Vapour Pressure of (Molecular weight 

Weight of Steam Steam at 140° F.) ^ of Steam) 

Weight of Aniline (Vapour Pressure of (Molecular weight 

Aniline at 140° F.) of Aniline) 

_ 14 9 X 18 
5~7 X 93 

= 5' I lb. of steam per lb. of aniline distilled. 

To this must be added the steam needed to provide the latent heat of 
vaporisation of the aniline. Some of this heat can be taken from any wiredrawing 
of the steam, or, if the steam were superheated, the superheat can be used for 
the aniline latent heat. Too much heat, however, must not be taken out of the 
steam lest condensation occur and introduce another complication. 

Now it is clear from the above relation between the steam needed and the 
vapour pressures, and from Annexe B, that the higher the temperature the less 
will be the ratio of the vapour pressures, consequently less steam will be used. 
When the temperature reaches the boiling point of aniline no steam will be 
needed. Let us see the effect of raising the temperature of the steam distillation 
to 212° F. 


At 212^^ F. the vapour pressure of aniline is . . . . 46 

At 212° F. the vapour pressure of water is . . . . 760 


Pressure of steam distillation 


806 mm Hg. 


or 


15-6 psi.a. 


The amount of steam will be 


760 X 18 
46 X 93 


3 • 2 lb. of steam per lb. of aniline. 


Clearly by using steam distillation we can distil aniline at low temperature. 
The steam needed is considerable, especially if the temperature is low, but the 
vacuum needed is quite modest and readily got in the factory. If we use 
5*1 lb. of steam per lb. of aniline, we can distil at 140° F. under a vacuum of 
24 in. At what temperature would aniline distil without steam at the same 
vacuum of 24 in. ? The annexe shows that aniline has a vapour pressure of 155 
mm Hg. at about 267° F. To get aniline to distil at 140° F. without steam would 
mean evaporating under a vacuum of 5-7 mm absolute which will be very 
expensive and exceedingly difficult to carry out on a large scale. 

The most fruitful use of steam distillation is for the removal of small quantities, 
sometimes minute traces, of not very volatile substances from products that will 
not tolerate high temperatures, e.g. the deodorising of fats. 
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It was seen in the aniline example given above that the higher the tempera¬ 
ture at which steam distillation is done the less steam is used, but in many 
cases this is not the whole story. If the object of the distillation is the removal 
of small quantities of high boiling point substances from a large quantity of 
product, the use of a higher temperature of distillation in order to save distillation 
steam will call for more heat to heat the large amount of product up to the 
higher temperature. If therefore the amount of the volatile substance to be 
distilled is small it may well pay to use a relatively large amount of distillation 
steam and save the steam that would have been needed to heat large quantities 
of the main product up to a high temperature. It is impossible to be categorical. 
Each case must be worked out on its own merits. 

389 . INJECTORS. Injectors are used in locomotives, cranes, portable 
boilers and sometimes on stationary^ boiler plants for feeding water into the 
boiler. 

Fig. 214 shows the elements of an injector of the simplest possible form. 


steam 



FIG. 214. THE PRINCIPLE 
OF THE STEAM INJECTOR 


If steam is blown through the nozzle, it blows with great speed through the 
combining tube and escapes through the flap valve of the overflow chamber. 
Its high velocity creates a suction in the throat of the combining tube and it 
draws air out of the water chamber until it draws water into the combining 
tube. As soon as water reaches the combining tube the high velocity steam 
condenses in the water. The combining tube is narrowed down so that as the 
steam condenses and the mixture occupies less space, its velocity is maintained. 
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The high velocity water jet shoots across the gap in the overflow chamber and 
enters the delivery tube which gradually diverges. The water slows down in the 
delivery tube and its velocity head is converted into pressure head so that it 
emerges at low speed and high pressure. As soon as the water jet jumps the 
gap in the overflow chamber it causes a suction there and closes the flap valve. 
The various nozzles and tubes are so designed that the water emerges at a higher 
pressure than the boiler pressure so that the water can enter the boiler. 

It is clear that the injector can only operate with cold water as the water must 
condense all the steam used. As a pump the injector is very inefficient. Its 
efficiency as a steam pump is only about i per cent. On the other hand, apart 
from a very little radiation and a little loss of steam at the start, the whole of 
the heat in the steam used is returned to the boiler and it has a thermal efficiency 
of almost 100 per cent. 

The injector is often looked on as an exceedingly inefficient machine and is 
sometimes thrown out in favour of a feed pump. If for any reason it is impossible 
to use hot feed water, or if the feed water is heated by feed pump exhaust only, 
then the injector is generally a better tool than the feed pump. But if the 
feed water is or can be heated then the injector should give way to a feed pump. 

In practice injectors are more complicated than the simple arrangement 
shown in Fig, 214. The position of the steam nozzle is adjustable with reference 
to the combining tube. 

It is possible, by suitably designing the shapes of nozzle and tubes to use 
exhaust steam for a boiler feed injector. Much more steam is used, conse¬ 
quently it is even more important that the water be cold. Such an injector is a 
great improvement on any feed pump using live steam. 

Injectors are not to be despised. They are the most efficient feed water 
heaters it is possible to find. If live steam, or even exhaust steam, is to be used 
for feed heating the injector may be quite the best way of feeding the boiler 
and heating the feed simultaneously. 

Injectors have another quality which is sometimes an advantage and 
sometimes a disadvantage. They have a very narrow working range. 
Generally, they must be either full on or shut off. If the boiler to which an 
injector is fitted is on a steady load, the intermittent draw of steam by the 
injector and the big inflow of cool water arc disadvantages. But if the boiler 
is meeting peaks with periods of no steam demand, as in cranes, pile-drivers or 
shunting locomotives, the big, occasional steam draw by the injector can be 
used beneficially at times of no load to prevent wasteful safety-valve blows. 

390 . EJECTORS. Ejectors are used as simple vacuum pumps. For pro¬ 
ducing very high vacuum they are much more economical than mechanical 
vacuum pumps, and in fact can produce much higher vacuum than is possible 
with a reciprocating vacuum pump. They operate most efficiently when 
compressing air over a fairly small range, about three-fold compression, with a 
maximum of about six-fold. 

An ejector consists simply of a rather simpler injector and the arrangement is 
shown in diagram form in Fig. 215. 
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A steam jet blows into a throat and the high velocity steam jet produces a 
suction which draws the air into the throat at high velocity. The throat then 
expands and the velocity head is converted into pressure head and the steam and 
air emerge at low velocity and higher pressure. For economical working the 
steam pressure should be high. 


STEAM 



FIG. 215. THE PRINCIPLE 
OF THE STEAM EJECTOR 


In a single stage the ejector will not give much more than about 20 in. 
vacuum economically if it is exhausting to atmosphere. 

In order to achieve a high vacuum economically it is necessary to work 
several ejectors in series as shown in Fig. 216. 

In Fig. 2 iG the top right-hand ejector draws air from a plant that it is 
desired should be at 29 in. vacuum. The ejector exhausts into a feed water 
heater at 27 in. vacuum where the steam condenses. The air at 27 in. from this 
feed water heater goes into another ejector which compresses the air to 20 in. 
vacuum into another feed water heater. The air from this passes into a third 
ejector which compresses the air to atmospheric pressure into a third feed water 
heater. 

Each ejector compresses the air to about one-third of its previous volume. 

The principal disadvantage of ejectors is that a use should be found for the 
exhaust steam. In a power station this is easy, but in a process factory there is 
usually ample low-grade heat and there is often no use for ejector exhaust whose 
heat has to be wasted. 

The advantages of the ejector are that it is very cheap and small. It can 
easily produce a much higher vacuum than that obtainable from a mechanical 
pump. There are no moving parts to go wrong. 
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For producing high vacuum in a process factory it is often best to use an 
ejector for the first stage from say 29 in. or 28-5 in. to 27 in. or 26 in. and then 
come down to atmospheric pressure with a mechanical pump. 



FIG. 216. HIGH VACUUM PRODUCTION BY THREE-STAGE EJECTION 

The ejector is used on most British locomotives to produce the modest 
vacuum required for the vacuum brake. A double ejector is used, not two in 
series but two in parallel. One large ejector to pull the vacuum up quickly 
after a brake application, and a smaller ejector to maintain vacuum. An 
ejector is shown in Fig. 159, Section 320, for producing vacuum in a de-aerator. 
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FLASH STEAM AND LOW PRESSURE 

VAPOUR 

They pour down rain according to the vapour thereof. 

JOB—XXXVI 27 — B.c. 450 

The production of flash steam and its useful recovery have already been 
mentioned in Sections 44 and 46. The question of flash steam is very important 
and will be dealt with at some length. Before reading this Chapter the reader 
is asked to refresh his memory by rereading Section 44 in Chapter i. 

391. REASONS FOR MINIMISING FLASH. In many situations it will 
hardly pay to collect flash steam. Suppose a trap is draining a steam pipe at 
50 psi. Apart from the heavy condensate load at the start-up, the discharge 
from the trap may be only 10 or 20 lb. per hour. If this condensate is allowed 
to flash to atmosphere Fig. 3 and Table IV show that 9 per cent, of the con¬ 
densate will be flashed into steam. If 1,000 lb. of steam costs 45. the value of 
this flash will be between g^*. and i 8 s. a year on one shift, or between 275. and 
54S‘. a year on three shifts. Unless this flash steam can be collected very cheaply 
with a minimum of piping, it clearly will not pay to collect it. 

This argument will be used for place after place all round the works until in 
aggregate there is a very big loss occurring. 

If we were able to use 25 psi steam instead of 50 psi, the flash loss would be 
reduced to five eighths of the 50 psi loss. If we could use steam at atmospheric 
pressure, or at i or 2 psi there would be no flash loss. 

So here we have good reason for reducing the number of trapping points 
to a minimum, so that there are not a multitude of little traps discharging a 
mere trickle of condensate ; for bringing the traps together into groups as far 
as is possible ; for lowering the steam pressure to the greatest possible extent. 

392. HIGH VERSUS LOW PRESSURE STEAM. If we ignore heat 
transmission rates, which vary with the temperature at which heat transfer 
takes place, the whole question of high versus low steam pressure for process or 
other heating centres round the question of flash steam. If the flash steam, 
and possibly the condensate also, has to be wasted because the place where the 
trap discharges is too far away to warrant the expense of piping back, then 
clearly the lowest possible steam pressure should be used. If, however, there is 
a use for the flash steam close to the point where it is formed, it would not 
appear to matter from a heat saving point of view what pressure is used. There 
is much to be said for and against high pressure heating steam. Let us look 
for a moment at the way in which the heat in steam at various pressures splits 
itself up in use. Table LIV shows the heat split for i lb. of steam at various 
pressures. 

Now suppose we say that we have a heating job that requires 1,000 Btu. 
Only the latent heat is given up in the heating plant so we can rewrite Table LIV 
to show what the heat distribution will be when there is a constant latent heat. 
This is shown in Table LV, 
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This shows that at 200 psi we have to put in 11 per cent, more steam than 
at 25 psi, and that 3J times as much heat is blown away in flash. At high 
pressures we can use a small steam pipe to take the steam to the plant, but we 
need a large pipe to bring the flash back and we recover less condensate. 


TABLE LIV. HIGH v. LOW PRESSURE HEATING 
STEAM—CONSTANT STEAM QUANTITY 


STEAM 

QUANTITY 

LB. 

STEAM 

PRESSURE 

PSI.O 

TEMPERA¬ 
TURE® F. 

TOTAL 

HEAT 

LATENT 

HEAT 

HEAT IN 
CX)N- 
DENSATE 

FLASH 

HEAT 

AT 212® F. 

FLASH 
PER CENT. 
INPUT 

HEAT IN 
CON¬ 
DENSATE 
AT 212® F. 

1 

200 

388 

1,200 

838 

362 

216 

18-8 

146 

1 

100 

338 

1,191 

882 

309 

153 

13-3 

156 

1 

50 

298 

1,180 

912 

267 

103 

90 

164 

1 

25 

267 

1,170 

935 

236 

66 

5*8 

170 

1 

10 

239 

1,161 

953 

208 

33 

2-9 

175 

1 

5 

227 

1,156 

961 

195 

18 

1-5 

177 

1 

Atmos. 

212 

1,151 

971 

180 

! 0 

0 

180 


TABLE LV. HIGH v. LOW PRESSURE HEATING 
STEAM—CONSTANT HEATING 


STEAM 

QUANTITY 

LB. 

1 

STEAM 

PRESSURE 

PSI.O 

TEMPERA¬ 
TURE ®F. 

TOTAL 

HEAT 

LATENT 

HEAT 

HEAT IN 
CON¬ 
DENSATE 

FLASH i 

HEAT 

AT 212® F. 

FLASH 

PER CENT. 
INPUT 

HEAT IN 
CON¬ 
DENSATE 

AT212®F. 

M92 

200 

388 1 

1,432 

1,000 

432 

258 

18*8 

174 

M35 

100 

338 

1,351 

1,000 

351 

174 

13*3 

177 

1098 

50 

298 

1,292 

1,000 

292 

113 

9*0 

179 

1-069 

25 

267 

1,252 

1,000 

252 

71 

5-8 

181 

1*050 

10 

239 

1,219 

1,000 

219 

35 

2-9 

184 

1*040 

, 5 

227 

1,203 

1,000 

203 

19 

1-5 

184 

1-030 

1 Atmos. 

212 

1,185 

1,000 

1 185 

0 

0 

185 


The object of taking steam to a plant is to take heat to the plant. The 
higher the pressure the less heat docs a given weight of steam give up to the 
plant but more heat has to be delivered, and the excess must be recovered and 
used at low pressure for other purposes. The lower the pressure of the process 
steam the more power could the steam have generated in an engine or turbine. 

On balance it is almost certain that within the limits imposed by heat 
transfer in the plant, the steam pressure should always be as low as it is possible 
to arrange it. The steam pipes will be larger and more costly and will take up 
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more room, but the larger pipe at the lower temperature will probably not lose 
any more heat than the smaller pipe at the higher temperature as has been 
discussed in Section 175. 

393 . FLASH TANK SIZE. Flash steam is liberated from overheated water 
almost instantaneously. The flashing can therefore be very violent. Any flash 
vessel must be sufficiently large to allow proper separation of the steam from the 
water without the carry-over of a lot of water droplets. There are two rules 
to guide us. 

The first is the amount of steam that experience with steam accumulators 
has shown can safely be liberated from a water surface without undue carry-over. 
A good conservative figure is 

Pounds of flash steam per sq. ft. _ 3 X absolute pressure 
of water surface per hour on water 

This rule gives the flash rates shown in Table LVI 


TABLE LVI. PERMISSIBLE WEIGHT OF FLASH STEAM 
FROM WATER SURFACE 

(Ruths) 


PRESSURE ON WATER SURFACE 

LB. FLASH STEAM/HOUR/SQ. FT. 

WATER SURFACE 

Atmos. 

44 

5 psi.g. 

59 

10 „ 

74 

20 „ 

104 

30 „ 

134 

40 „ 

164 

50 „ 

194 

100 „ 

344 

150 „ 

494 

200 „ 

644 


This assumes that all the flash occurs at the water surface in the vessel. In 
most cases flash tanks are arranged so that the overheated water enters above 
the water level and drops in a broken flashing stream into the body of the water. 
This gives a much larger flashing surface than the cross section of the vessel. 
The 3 X psi.a. rule therefore always gives us the upper limit for the flash tank 
size. 

The other approach is to limit the steam velocity in the flash tank to such a 
speed that entrainment of water drops is unlikely. This limiting speed can be 
little better than a guess. If the splashes are in large drops the steam velocity 
can be much larger than if the splashed drops are very small. Hausbrand 
(Section 805) gives data from which we can construct Table LVII of steam 
velocities that will exert on water drops of various sizes pressures equal to 
their weights. 
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What are the likely sizes of drops flashed off with the steam ? Perhaps they 
arc of all sizes from • i in. downwards. We are probably being fairly safe if we 
use the first column of Table LVII for drops of *005 in. diameter for the design 
of our flash tanks, provided we say that this will give us the lower size limit. 
We can then select the most convenient size lying between the limits that the 
two methods of size fixing have given. 

If we make the cross section of the tank such that the steam flow is not great 
enough to carry away any appreciable amount of water there is no need to make 
the tank deep. Its depth becomes merely a matter of convenience from any 
other point of view—the things we may want to put inside it, the size of the 
particular piece of pipe that is lying on the scrap heap that is going to re-live 
in a new role, etc. 


TABLE LVII. STEAM VELOCITIES EXERTING FORCES 
ON WATER-DROPS EQUAL TO THEIR WEIGHTS 

(Hausbrand) 


STEAM VELOCITY IN FT./SEC. ON DROPS OF DIAMETER 


STEAM 

PRESSURE 



•005-in. 

•01-IN. 

•02-in. 1 

1 

•05-in. 

• 1-IN. 

1 

j • 15-in. 

1 

• 2-in, 

•25-in. 

25-in. vac. 

131 

22-6 

1 32-0 , 

50-6 

72*1 

1 

1 88-2 

101-3 

110-5 

20-in. „ 

1 9-6 

16-6 

1 1 

37-2 

52-9 

1 64-8 

74-4 

81-2 

15-in. „ 

7-9 

13-6 

19*3 . 

30-5 

43-7 

53-2 

6M 

66-6 

10-in. „ 

6-9 

11-9 

16-9 . 

26-8 

38-1 

46-6 

53-5 

58-4 

5-in. „ 

6-2 i 

10-7 

15-2 1 

24 0 1 

34-2 

1 

41-9 

48-1 

52-5 

Atmos. 

5-7 

9-8 

13-9 ' 

220 

1 

31-3 

38-3 ! 

440 

48-0 

10 psi 

3-5 

60 

8-6 

13-5 

19-2 

23-5 

270 

29*5 

20 „ ! 

2 6 

4.4 

6-2 , 

9-8 

140 

17-1 

19*6 

21-4 

30 „ 1 

2-0 

3*5 

4-9 1 

7-8 

11*1 

13-6 

15-6 

17-0 

40 „ 

1-7 

2.9 , 

41 

6*4 

9-1 

IM 

12-8 

14-0 

50 

1 

1*4 

2-4 1 

1 

3-5 1 

5-5 1 

7-8 

9-6 1 

11-0 

12-0 


394 . COLLECTION OF FLASH FROM HOT-WELL—SIMPLE. Fig. 217 
shows the simplest and easiest arrangement for the collcetion of flash steam from 
condensate returned from traps to a hot well for boiler feed. The traps from 
plant working at too psi discharge into a tank at atmospheric pressure. Each 
pound of condensate contains 309 Btu. The flash steam is condensed by the 
make-up water. Let us see how much make-up at 60° F. can be heated to 
212° F., supposing that the amount of condensate is 1,000 Ib./hour. 
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1,000 lb. Condensate containing 309 Btu/lb. 

X lb. Make-up containing 28 Btu/lb. 

Hot water mixture at 212° F. containing 180 Btu/lb. 
(1,000 X 309) + (;c X 28) = (1,000 + x) 180 
309,000 + 28a: = 180,000 + 180;: 

129,000 = 152A: 

849 — X = Make-up. 

Therefore the minimum amount of make-up to quench the flash is 850 lb./ 
hour. As it is very unlikely that the discharge of condensate is even and free 
from peaks, or that the draw-off from the tank is smooth, there must necessarily 
be a much larger addition of make-up than 850 lb./hr. to make sure of dousing 
all the flash all the time, or much flash steam will be wasted. This arrange¬ 
ment, assuming a large draw-off, is shown in Fig. 217. 


Input .. 
Output 



FIG. 217. SIMPLE FLASH COLLECTION IN HOT-WELL 



FIG. 218. THERMOST\TIC FLASH COLLECTION IN HOT-WELL 

The arrangement shown in Fig. 218 ensures that only the minimum 850 lb. 
of make-up water is added. The tank in this case must be larger to accommo¬ 
date peak draw-offs when the condensate input is small. The make-up input, 
which condenses the flash steam, is controlled by a thermostat above the cold 
water spray. When steam reaches the thermostat bulb cold water is admitted 
to the spray until there is just a breath of vapour coming out of the top vent. 
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This factory must have a very bad condensate return system if the hot-well 
can take 45 per cent, of make-up, or, more charitably, much of the steam is used 
for heating by blower. What is to be done if only i o or 20 per cent, of make-up 
can be accommodated ? 



FIG. 219. THERMOSTATIC HOT-WELL FLASH 
COLLECTION WITH UNCONTAMINATED CONDENSATE 



FIG. 220 . HOT-WELL FLASH COLLECTION USING FLASH 

HEAT FOR SPACE HEATING 

Figs. 219 and 220 show two ways. The flash steam is led to a separate spray 
condenser where it heats water that does not mix with the condensate. In 
Fig. 219 cold water is heated to 212® F. The control is by thermostat and the 
water temperature is held constant, but the water quantity will fluctuate with 
the amount of flash evolved. A float control is shown dotted. This would 
prevent the tank running dry, but might waste flash steam at times of small 
water demand and large condensate output, while at times of heavy water 
draw and small condensate flow the water will be much cooler than 212® F. 

We can calculate the amount of condensate left in the hot-well and the 
heat added to the cold water thus :— 

I lb. of condensate at 100 psi contains .. .. . . 309 Btu 

I lb. of condensate at Atmos, contains .. .. .. 180 Btu 

Heat available to produce flash .. .. .. .. 129 Btu 
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Amount of flash .. .. .. .. = ‘isslb-Zlb. 

971 

I lb. steam at Atmos, contains .. .. .. .. 1,151 Btu 

• 133 lb, steam at Atmos, contains . . . . . . 153 

Amount of condensate left .. . . i — • 133 = *867 lb. 

The amount of cold water that will be heated will be the 

same as in Fig. 218, namely .. .. .. 850 lb. 

Check :— 

133 lb. flash containing 1,151 Btu/lb. 

X water containing 28 Btu/lb. 

(>33 X 1,151) + {x X 28) = (133 + x) 180 
129143 = 152* 

850 = AT 

The amount of hot water output will be 

850 + 133 = 983 lb. at 212° F. 

The amount of condensate is . . .. . . 867 lb. at 212*^ F. 

So that we see that by this means we reduce the water in the hot-well in 
two ways. We add no make-up and we lose from the hot-well 133 lb. of potential 
condensate as flash. In Fig. 219 the float in the hot-well draws any necessary 
make-up from the flash-quenching tank, so that the boiler feed will not be 
starved. A float control to the spray is shown dotted, in case ample water is 
more important than water temperature. 

In Fig. 220 the flash steam is condensed by the fast circulation of warm 
water which passes through the office heating system. Let us see how big an 
office or shop we can heat with this flash. Let us say that we require 5 Btu 
per cu. ft. of office per hour. 

Heat in flash .. .. .. 133 X 1,151 Btu/hour. 

Cu. ft. heatable . . . . . . . . - -3 .^—= 30,617 

5 

or a building 50 ft. X 50 ft. X 12 ft. 3 in. 

Fig. 220 only provides a solution in winter when space heating is required. 

The amount of water in the heating circuit will increase due to the con¬ 
densation of the flash steam. The excess will flow over the division plate into 
the condensate compartment. 

395 . COLLECTION OF FLASH FROM HOT-WELL—COMPOUND. 
The arrangements shown in Figs. 217 to 220 collect all the heat in the flash, 
but it is collected at atmospheric pressure. In many factories there is a surplus 
of heat at 212° F. and in most factories there is a use for low pressure steam. 
Let us assume that there is a 10 psi steam main. Fig. 221 shows the arrangement 
that would be adopted. The traps discharge into a flash tank at 10 psi from 
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which the flash steam is piped to the 10 psi main. A large low pressure trap 
passes the condensate from the flash tank to the hot well, where the remaining 
flash is quenched with make-up. The quantities are :— 

Input to flash tank .. . . .. . . 1,000 lb./hr. 

containing . 309 Btu/lb. 

Sensible heat at 10 psi .. . . 208 Btu/lb. 

Surplus heat for flashing loi Btu/lb. 

Latent heat at 10 psi .. 953 Btu/lb. 

Amount of 10 psi flash . . . . .. = • 106 lb./lb. 

953 

Total heat in 10 psi steam .. . . i,i6i Btu/lb. 

• 106 lb. will carry away . . .. .. 123 Btu 

We shall therefore get 106 lb. of flash steam 

carr^dng .123,000 Btu 

The 10 psi condensate will weigh 894 lb. and will 

hold . . .. ., .. .. .. 186,000 Btu 



FIG. 221. COMPOUND HOT-WELL FLASH COLLECTION 


The 10 psi flashed steam will condense in the plant to which it is piped and 
its condensate can return to the same hot-well. 

In the hot-well there will be an input of 

894 lb./hr. of flashed condensate from flash tank 
and 106 lb./hr. of flashing condensate from 10 psi users 

1,000 lb./hr. of condensate containing 208 Btu/lb. 
plus X lb./hr. of make-up containing 28 Btu/lb. 
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The hot-well output is water at 212® F, containing x8o Btu/lb. 

(1,000 X 208) + (a: X 28) = (1,000 + x) 180 
208,000 + 28 AT = 180,000 + 180X 
28,000 == 152A: 

184 = ;i: = make-up. 

The output from the hot-well will be 1,184 lb., the make-up now being only 
15'6 per cent, instead of the 46 per cent, that was needed to quench the flash 
in Fig. 217. 

The size of the flash tank will be :— 


By the 3 X psi.a. rule 

Each sq. ft. will liberate 
106 lb./hr. will need . . 
or a diameter of 


74 lb. flash steam/hour 
I *43 sq. ft. 

I ft. 4 in. 


By the drop weight/velocity rule {See Table LVII.) 
At 10 psi for *005 in. drops, the velocity 
must not exceed .. 

Steam at 10 psi has a volume of 

106 lb. of 10 psi steam has a volume of 

Flow will be .. 

Velocity of 3-5 ft./sec. will need an area of 
Diameter of flash tank 


3*5 ft./sec. 

16 *5 cu. ft./lb. 
1749 cu. ft./hour 

•486 cu. ft./sec. 
•139 sq. ft. 
bis in. 


A piece of pipe 9 in. or 12 in. in diameter will probably prove satisfactory 


REDUCING 



FIG. 222. LAUNDRY CALENDER WITHOUT FLASH COLLECTION 

396 . LAUNDRY CALENDER. In a Laundry calender or decouden the 
process is twofold, drying and surface-finishing. The latter calls for a high 
temperature. The high temperature is applied by means of high pressure 
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Steam to the calender bed, only sufficient heat being supplied to the roll to 
keep its clothing dry. The roll heating is done by low pressure steam. Fig. 222 
shows the normal arrangement and gives an indication of the possible steam 
consumption and ^the probable flash loss. 



FIG. 223. LAUNDRY CALENDER WITH FLASH COLLECTION FOR HEATING ROLL 

In Fig. 223a the condensate from the bed is allowed to flash down to 
10 psi in an extra trap, and a steam pipe is fitted to the top of this trap and 
connected to the low pressure steam supply to the roll. A small reducing valve is 
fitted to supply any make-up steam that the roll may call for. The diameter of 
the flash trap or flash pot by the 3 X psi.a. rule is 6f in. and by the *005 in. 
water drop rule is 2 J in. If the trap used as flash pot is 3 in. or 4 in. in diameter 
this will be quite adequate. If a smaller trap is used then a flash tank should be 
inserted between the high pressure trap and the low pressure trap as shown in 
Fig. 223b. 

In Fig. 223a, 181 lb. of steam per hour are used to heat the calender and the 
final flash heats 33*3 lb. of cold water to 212° F. and 181 lb. condensate are 
recovered. In Fig. 222, 200 lb. of steam per hour are used for the calender 
only, and an additional 5 lb. of steam would be needed to heat 33 • 3 lb. of cold 
water while only 166 lb. of condensate are recovered. So that 181 lb. of 100 psi 
steam in Fig. 223a are doing the same work as would call for 205 lb. of steam in 
Fig. 222—a saving of 11-7 per cent. 

It is unlikely that a flash collecting system as small as this can possibly be 
worth while. Anyhow, a reducing valve passing ilb./hr. is quite impractical. 
In such cases the condensate from a number of plants should be collected into 
one larger flash tank, when the quantities of flash steam may warrant the com¬ 
plication and expense. 

397 . FLASH FROM PAPER MACHINES. The collection of flash steam 
from paper machines is a regular part of their technique. It is a compound 
system, generally in three stages. Where the web enters the machine it is 
really a sheet of water held together by a loose felt of fibres. Where it leaves 
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the machine it is comjAressed sheet of fibre containing hardly any water. At 
the dry end of the machine drying is more difficidt due to the low water content, 
so that a higher temperature is needed than at the wet end. The higher tem¬ 
perature at the dry end also imparts finish to the paper. At the wet end heat 
transfer is much easier so that a lower steam pressure can be used. In machines 



with a fair number of cylinders it is usual to use three steam pressures on the 
machine. The steam flow is in the opposite direction to the paper flow. 
Relatively high pressure steam is used at the dry end on a large number of 
cylinders, the steam pressure is reduced for a lesser number of intermediate 
cylinders, and a still lower pressure is used for relatively few wet end cylinders. 
Each cylinder should be individually trapped and the condensate from each 
group of traps should go to a flash tank from which the flash steam is piped to 
the next lower pressure. See Fig. 224. 

398 . HIGH PRESSURE HEATING WITH LOW PRESSURE EFFICI¬ 
ENCY, Suppose we have a battery of 20 Unit heaters, Fig. 225, taking steam 
at 60 psi and each liberating 100,000 Btu per hour. If the trapping system is 
good the condensate will quickly be got rid of and will only lose, say, 10® F. 
on its way to the hot-well, where any surplus condensate heat is lost by flash. 

The total heat liberated will be 2,000,000 Btu of latent heat per hour plus 
10 Btu of sensible heat per lb. of condensate. 

Latent heat of 60 psi steam .. 

Steam consumption will be 

905 

Sensible heat lost by condensate 
Sensible heat of condensate 277—10 
Sensible heat in condensate at atmos. 
pressure .. 

Heat available for flashing .. 

Amount of flash at Atmos. Pressure 

2,210 X 87 __ 

971 

The flash is 9 per cent, of the total input steam. 


905 Btu/lb. 

2,210 lb./hour 

22,100 Btu/hour 
267 Btu/lb. 

180 Btu/lb. 

87 Btu/lb. 

198 lb./hr. 
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Now suppose we only use i8 heaters on live steam?^ collect the condensate 
from these in a flash tank and lead the flash steam into the two remaining 
heaters. Owing to the lower heat transfer at 2 psi, which is the pressure that 
might be chosen for the flash tank, it will be necessary to raise the temperature 
and pressure of the steam on the 18 live steam heaters to compensate. We can 
make a rough estimate thus :— 

The air in the shop is taken at .. . - .. 62° F. 

The temperature difference at 60 psi is 307 ~ 62 . . 245® F. 

The temperature difference at 2 psi is 219 — 62 .. 157® F. 

The heaters supplied with flash steam will have a lower heat transfer in ratio, 
say, 245 to 157. 



2210 I 

Two heaters should condense about- X 2 X = 141 lb./hour 

20 245 

Two heaters will therefore be insufficient to condense the flash steam, so 
we must use three. 

The flash heat to be transferred is 198 X 966 = 191,268 Btu. 

Three heaters at 2 psi will transfer —^ ^57 ^ 3 _ 

, . ... . ^45 

which looks as if it will balance out all right. 

We shall then have roughly 2,000,000 — 190,000 = 1,810,000 Btu to be 
transferred by 17 heaters or 106,500 per heater. 

The temperature difference must therefore be raised in ratio 100 to 106-5. 
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The temperature difference must be 245 X = 261® F. 

The steam temperature must be 261 + 62 = 323® F. which is the satura¬ 
tion temperature of steam at 79 psi.g. or say 80 psi whose latent heat is 893. 

The steam consumption will be = 2,027 lb./hr. at 80 psi. 

i/O 

The sensible heat in 80 psi condensate is 295, with, say, ii Btu lost by 
radiation. 

The sensible heat in 2 psi condensate is 187, with a latent heat of 966. 

The amount of flash will be - — - - = 204 lb./hr. 

966 

The flash heaters will give up 204 X 966 = 197,064 Btu 

The condensate from these heaters contains 187 Btu/lb., from which we 
can assume a loss of 7° F. 


The total heating done by 2,027 steam will be 

Latent heat from 80 psi steam is 2,027 X 893 

Sensible heat radiated from 8o psi condensate 
is 2,027 XII 

Latent heat in flash steam at 2 psi is 204 X 966 .. 

Sensible heat radiated from 2 psi condensate 
is 204 X 7 


1,810,111 Btu 

22,297 Btu 
197,064 Btu 

1,428 Btu 


Total heating from 2,025 lb./hr. of 80 psi steam 


2,030,900 Btu 


The total heating done by the original 2,21 o lb. of 60 psi steam was :— 
Latent heat from 60 psi steam 2,210 X 905 .. 2,000,050 Btu 

Sensible heat radiated from condensate 2,210 x 10 22,100 Btu 

2,022,150 Btu 


The new system is delivering slightly too much heat. Its steam can be reduced 
to :— 


2,027 X 2,022 
2,031 


= 2,018 lb. of 80 psi steam/hour. 


The steam saving is 2,210 — 2,018 — 192 lb./hour. 


This is 8-6 per cent., but the total heat in 80 psi steam is 0-4 higher than in 
60 psi steam so we can only rely on getting a saving of about 8-2 per cent. 
Let us say 8 per cent, to be on the stife side. 
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Let us make the following assumptions :— 

Boiler plant efficiency .. .. .. .. 68 per cent. 

Transmission efficiency .. .. .. .. 9 ^ cent. 

Calorific value of coal .. .. .. .. 12,000 Btu/lb. 

Hours per week—one shift .. . . .. 50 

Heating weeks per year .. .. .. 30 

The annual coal consumption on the original system was :— 

2,210 X (1,182 — 170) X 50 X 30 ^ 1/ ^ ^ 

- — - — - ^ - — = 204 tons coal/year. 

2,240 X 12,000 X *68 X *9 



FIG. 226. HIGH PRESSURE UNIT HEATER SYSTEM WITH LOW PRESSURE EFFICIENCY 

Assuming a saving of 8 per cent, by the alterations, the coal would be reduced 
by about i6J tons a year. On three shifts the saving would be treble this 
figure. The cost of the alteration should be about £^o, as all that is needed 
is one low pressure trap and a little piping, as shown in Fig. 226. 

Now what we have done by using the flash steam is to make the system on 
high pressure as efficient as a low pressure system working at 2 psi. instead of 
60 psi, but there is a little more to it than this. Suppose we were to instal a 
system working all over at 2 psi ; what would this entail ? 

We wish to transfer 2,000,000 Btu/hour. We have seen that at 2 psi three 
heaters will transfer about 200,000 Btu/hour, so that instead of 20 heaters on 
60 psi, or 80 psi + 2 psi, we should need 30 heatere if all were on 2 psi. 
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In practice the siting and number of heaters are probably decided by con¬ 
siderations of heat distribution in the bmlding, and instead of using 30 heaters 
in place of 20 we might use 20 heaters each 50 per cent, larger. This would 
add considerably to the cost because all the piping would have to be larger in 
size. Just what would the extra piping amount to ? 

With a liberation of 2,000,000 Btu/hour we will assume that half the heat 
is heating the air in the building that must be passed through for ventilation, 
and that the other half is lost through the fabric of the building. 

If the ventilation heating is such as to require 2 Btu/cu. ft. of building 
per hour (Table LXVII, Chapter 20) it means that the building to be heated 
has a content of 500,000 cu. ft. 

If it is 20 feet high the floor area must be 25,000 sq. ft. 

Let us assume that it is 100 feet wide by 250 feet long. 

The longest steam pipe will be something less than 250 feet long. 

At 60 psi we can tolerate a pressure drop of about 2 psi/ioo ft. 

The volume of 60 psi steam is 5*84 cu. ft./lb. 

With three rows of heaters each steam pipe will have to handle about 
740 Ib./hour or 12-3 Ib./min. 

Reference to Fig. 49 in Section 174 tells us that we must use a 2 in. pipe, 
and Fig. 50 tells us that the steam velocity in this pipe will only be 50 ft./sec. 

At 2 psi we can afford to lose about i psi in the whole pipe length, or 
•4 psi/100 ft. 

The steam to be passed at the lower pressure is only 11 *3 Ib./min. 

The volume of 2 psi steam is 23-8 cu. ft./lb. 

Figs 49 and 50 tell us that we shall need a 3 in. pipe. 

Table XXXI tells us that 3 in. pipe will cost 33 per cent, more than 
2 in. pipe and we need 50 per cent, more heaters, so we probably will not be 
far wrong if we say that the 2 psi system will cost about 40 to 45 per cent, more 
than the 60 psi system. 

Steam at 2 psi has the following advantages : The steam could have gener¬ 
ated some 30 kW in expansion in an engine from 60 psi to 2 psi ; owing to the 
greater number of heaters and their lower temperature, the heating will be 
much kinder and less inclined to give hot and cold spots, which is one of the 
disadvantages of unit heating. These advantages must be set against the extra 
cost. It almost always pays to do the right thing, although it may not pay to 
convert the wrong thing to the right thing at a later date—because two lots 
of money have to be spent. If, for some reason, it is decided to use high pressure 
then the pressure should be even higher than intended and should be used on 
jy heaters with the flash going to the other three heaters. We can be fairly 
categorical in making recommendations. A new plant should be put in for low 
pressure. A high pressure plant where the flash is lost, or is troublesome to 
collect, should be put on to higher pressure and about 15 per cent, of the heaters 
should take flash. 
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Of course, all the foregoing is not confined to unit heaters. There are many 
heating systems to which it can be applied. Any long-tube or multi-bank 
heater can be cut into sections and a smalhsection used for flash steam, while the 
pressure on the rest is raised to compensate. 

Actually the unit heater problem is given here as an example pure and simple. 
There is a far better and simpler way of getting low pressure efficiency out of a 
high pressure unit heater system. If the condensate pipes are left unlagged 
and in fact if some sections are replaced with gilled pipes all the excess sensible 
heat can be taken out of the condensate without any need for flash. If the 
gilled piping is used fairly lavishly for the condensate return the condensate can 
be cooled down to any desired figure, thus enabling the economiser (if one is 
fitted to the boiler) to take more heat out of the flue gases, thereby making a 
double saving. Had this cat been let out of the bag at the beginning of this 
section, the reader would have lost interest in a very nice little bit of flash 
technique. 

Theie is another way. If the unit heaters are drained by expansion traps, 
the traps can be set to operate at 212° F. and there will be no flash from such 
condensate. This cannot be done without raising the steam pressure, because 
part of each unit heater will be waterlogged with low temperature water and the 
heat transfer will be lowered in the bottom part of each heater. 


399 . COLLECTING THE HEAT FROM BOILER BLOWDOWN. Slow¬ 
down contains a lot of heat. Blowdown is a scale-producing and a sludge- 
bearing liquid and may give trouble on the surfaces of heat exchangers. Heat 
exchange through a surface is always more expensive than exchange, or 
rather marriage, by direct contact. Direct contact, however, docs limit the 
heating to something that can tolerate, chemically, physically or economically 
the addition of water. 

Continuous blowdowa is much more convenient from a heat recovery 
point of view than intermittent blowdown. It is, however, not so fool-proof 
and the tiny blowdown cocks sometimes get blocked or wear badly. It may, 
in some plant, be inconvenient to lose any boiler power by blowing down 
during peak loads. 

A useful compromise can sometimes be made by using continuous blow¬ 
down for certain convenient periods—say during the whole afternoon, or over 
the whole night shift. Provided the period runs into hours the heat can usually 
be collected. 

Take two examples to see what can be done with the blowdown heat :— 

{a) A Lancashire boiler evaporating 7,000 lb./hr. at 150 psi.g with 5 per 
cent, blowdown ; feed water at 150° F. ; no superheater ; 
boiler efficiency 68 per cent, by steam meter ; process steam used 
at 20 psi.g. 

(i) Water-tube boiler evaporating 100,000 lb./hr. at 650 psi.g with 
I per cent, blowdown ; feed water at 210® F. ; superheat at 
800° F. ; boiler efficiency 82 per cent, by steam meter ; process 
steam used at 70 psi.g and at 10 psi.g. 
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{a) The total heat in 150 psi saturated steam is 1,197 
the feed is 118. The boiler therefore has to supply 1,197 — 118 = 1,079 Btu/lb, 

The total heat addition in the boiler is 7,000 X 1,079 Btu. 


With 12,000 Btu coal and 68 per cent, boiler efficiency the coal consumption 
is :— 


7,000 X 1,079 
12,000 X *68 


= 926 lb./hr. 


The sensible heat in boiling water at 150 psi is 339 Btu. 

I lb. of blowdown has needed 339 — 118 = 221 Btu. 

A blowdown of 5 per cent, is 350 lb./hr. requiring 
221 X 350 == 77,350 Btu. 

So that the real heating done by the boiler is 

(7,000 X 1,079) + (221 X 350) = 7^630,350 Btu. 


The blowdown therefore is just about i per cent, of the heat put into the 
boiler. 


The coal wasted by the blowdown, if it all goes to drain, is 
9i lb./hr. 

or 10 tons/year on i shift 
or 30 tons/year on 3 shifts. 

If there is plenty of cold water to be heated, a good countercurrent heat 
exchanger can save almost the whole of the loss. If there is already plenty of 
waste heat used for water heating so that water heating offers little scope, 
matters are not quite so simple. 


BLOWDOWN 


41 lb/hr 



FIG. 227. TWO STAGE BLOW-DOWN FLASH COLLECTION 


Fig. 227 shows an arrangement with the simplest possible plant with no 
heat exchanger. The blowdown is sprayed into a flash tank whose steam outlet 
is connected to the 20 psi process main. 
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The blowdown water contains 

339 Btu/lb. 

Boiling water at 20 psi contains 

228 Btu/lb. 

Surplus heat 

Ill Btu/lb. 

Latent heat at 20 psi is 

940 Btu/lb. 

Amount of flash steam will be - 

= 4i-3lb./hr. 

940 


Total heat in 20 psi steam is .. 

.. 1,168 Btu/lb. 

So that the total heat carried away by flash is 

.. 48,238 Btu/hr. 

The partly cooled blowdown now consists of 


350 - 41 

= 309 lb./hr. 

and contains (350 X 339) — 48,238 

= 70,412 Btu/hr. 


The partly cooled blowdown is passed to a second flash tank at atmospheric 
pressure, where it can only hold 180 Btu. 

There is therefore a heat surplus of 228 — 180 = 48 Btu/lb. 

aS 

This will give a flash of A- = '0495 lb./lb. of blowdown. 

971 

From 309 lb. of blowdown there will be a flash of 15'3 lb. 
containing say 15 X 1,151 — 17,265 Btu. 

This leaves 309 — 15 ~ 294 Ib./hr. containing 53,147 Btu to go to drain. 

The flash at atmospheric pressure goes into a spray condenser where it 
heats 125 b. of water per hour from 60° F. to 180° F. 



FIO. 228 . FLASH TANKS MADE FROM SCRAP TEES 

If the sizes of the flzish tanks are worked out according to the rules given in 
Section 388 it will be found that 12-in. pipes will suffice amply for the flash 
tanks. A 12-in. pipe will also do for the spray condenser. So that 3 old short 
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lengths of 12-in. pipes or tees, plus three shower bath sprays coupled together 
with a minimum of piping will save, for a generation, 6 to 20 tons of coal a year. 

The only snag would seem to be, how to fit a ball float valve into a 12 in. 
pipe. Fig. 228 shows two cheap simple ways of making flash tanks from piping 
lengths. 

It may not be necessary, possibly not even desirable, to break the condensate 
up through the sprays shown in Fig. 228. In the author’s factory there arc flash 
vessels working with sprays and with open ended pipes. Both types seem to 
work equally well. 

If the condensate pipes leading to the flash pot are large, then much of the 
flashing will have taken place in the pipes and open ended inlets to the flash 
tank will probably be best, the flash tank acting then primarily as separator. 

If the condensate pipes are small and heavily loaded, little flash will occur 
in the pipes and the inlets to the flash tank should probably be fitted with sprays. 


400 . HIGH PRESSURE BLOWDOWN. Let US now look at case (6) 
where a boiler at 650 psi is evaporating 100,000 lb./hr. with i per cent, blow¬ 
down ; steam superheated to 800° F. ; feed at 210° F. ; process steam at 
70 psi and 10 psi. 

Total heat in 650 psi 800° F. steam is . . .. i>405 Btu/lb. 


Heat in feed 210 — 32 . . . . . . = 

Heat required for each lb. of evaporation 
1403 — 178. = 

woik done by boiler . . 

Coal needed at 82 per cent, efficiency 

1,227 ^ 100,000 _ 

12,000 X -82 


178 Btu/lb. 

1,227 Btu/lb. 

1,227 ^ 100,000 

Btu/hr. 

12,480 lb./hr. 


Sensible heat at 650 psi is .. .. 485 Btu/lb 

Blowdown heat at i per cent, is (485 —178)1,000 = 307,000 Btu/lb. 


, 307^000 X 100 

That IS — - ^ —- = 

[1,227 ^ 100,000) + 307,000 

Blowdown coal consumption is -25 per cent, of 
12,470 Ib./hr. 

On a three shift week this means 


• 25 per cent. 


31 lb. coal/hr. 
100 tons coal/year. 


A heat exchanger at 650 psi is an expensive piece of plant and anyhow is 
seldom applicable as there may not be sufficient cool water to heat. The 
best heat exchanger system would be to take as much flash heat out of the 
blowdown as possible first and to heat exchange the rest. 

Let us see what we can do by flash alone. Fig. 229 shows an arrangement. 
There is no need to plod through the arithmetic ; previous examples have 
shown how it is done. The result is remarkable. We only need some lengths 
of 12 in. pipe, two float valves and a little piping and we save 74 per cent, of the 
blowdown heat or 80 tons of coal a year. 
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By more elaborate methods we can secure almost the whole of the heat ; 
we can get more low pressure steam ; we can heat nearly twice the water ; 
and can, on the top of all this get 1,760 lb./hour of distilled water. This more 
highfalutin arrangement is described in Chapter 17, Section 496. 


SLOWDOWN 


221 lb/hn 



FIG. 229 . THREE STAGE FLASH COLLECTION FROM HIGH PRESSURE BLOWDOWN 


Of course continuous blowdown is almost a sine qua non for these heat 
recovery systems. If flash collection were to be carried out with blowdown 
done once daily the plant might have to have 50 times the capacity ; the low 
pressure steam and hot water would only be produced for a few minutes a day. 
Continuous blowdown is desirable in itself from a purely boiler point of view. 
The maximum concentration of the solids in the water is the average concen¬ 
tration, whereas with intermittent blowdown the maximum concentration can 
be greatly in excess of the average. The only disadvantage of continuous 
blowdown is that it requires careful watching and the blowdown valves need 
constant and meticulous care and maintenance. 


401 . FLASH COOLING—SIMPLE. When condensate, or any other water 
solution, is allowed to flash by being put under a reduced pressure, the latent 
heat necessary to evaporate the flash cools the liquid, and cools it instantly and 
in the cheapest possible plant. This can be used to great effect in many processes 
where the liquid that needs cooling is to be subsequently concentrated. 

For example, sugar solutions deteriorate at high temperatures. On the 
other hand, due to their high viscosity, it is very difficult to filter them at low 
temperatures. In any sugar refinery or factory any sugar solution that needs 
filtering is always subsequently concentrated by evaporation. 

Flash cooling is an effective way of cooling instantly, and simultaneously 
getting a small amount of concentration. 
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Fig. 230 shows a flash cooler that operated for many years in the author^s 
factory. A 68 per cent, sugar solution has been filtered at 185® F. and immedi¬ 
ately after filtration is to be cooled to 160° F. It is sprayed into a vessel main¬ 
tained at 22 in. vacuum, which is the vapour pressure of a 68 per cent, sugar 
solution at 160° F. The total heat of a sugar solution of 68 per cent, at 185® F. 
is 102 Btu/lb. and at 160® F. is 85 Btu. There is therefore a surplus of 17 Btu/lb. 
to effect evaporation. At 22 in. vacuum the latent heat of water is 1,007 so 
that *0169 lb. of water will be evaporated, leaving *68 of sugar dissolved in 
• 3031 of water. Bringing this back to percentages the liquor after flashing will 
have a concentration of 69 * 2 per cent. 



FIG. 230. FLASH COOLING-SIMPI E 


By using a high vacuum, really considerable cooling can be done—the so 
called vacuum refrigeration. The ejector calls for a good deal of steam which 
is exhausted at such a low temperature that its heat must usually be wasted. 
There are occasional economic applications for vacuum refiigeration, but they 
are rare. 

402 . FLASH COOLING—COMPOUND. A greater concentration can be 
got by doing the flash in two stages and by carrying it further. Fig. 231 shows 
the modification that was made to the plant in Fig. 230. The sugar liquor 
enters the first flash vessel and is cooled down considerably but not to final 
temperature. The fiash steam from this vessel goes to a surface condenser or 
heat exchanger. The liquor is then flashed again to a temperature below the 
required temperature. The overcooled liquor then passes through the surface 
condenser where it picks up the heat from the first flash and is brought back to 
the required temperature. This process is sadly spoilt by the boiling point 
elevation of sugar solutions which limits the overcooling as it prevents the liquid 
from being brought back to as high a temperature as the liquor boiling point. 

The liquor density has been increased from 68 per cent, to 70 per cent, 
although in the example it has been assumed that very imperfect (50 per cent. 
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only) operation of the surface condenser takes place. It may be asked whether 
this small concentration is worth all the trouble. The only difficulty is the 
surface condenser, which with small temperature difference and high viscosity 
liquor must be large and costly. The rest is just two empty vessels and some 
piping and a jet condenser. What does the saving in evaporation amount to ? 



FIG. 231. FLASH COOLING—COMPOUND 


A 68 per cent, sugar solution consists of 

A 69 • 2 per cent, sugar solution consists of 

A 70 per cent, sugar solution consists of 

For a throughput of 8,500 tons of sugar per week 
A 68 per cent, sugar solution consists of 

A 69*2 per cent, sugar solution contains 
A 70 per cent, sugar solution contains . . 


68 sugar 
32 water 

69 • 2 sugar 
30 • 8 w atcr 

70 sugar 
30 water 


8,500 toi s sugar 
4,000 tons water 

3,783 tons water 
3,643 tons water 


The simple plant, Fig. 230, saves 217 tons evaporation pei week. 

The compound plant, Fig. 231, saves 357 tons evaporation per week. 


If the evaporation process is 90 per cent, efficient the annual saving is .— 


Cost of steam—per ton 
Saving with Fig. 230 plant . . 
Saving with Fig. 231 plant .. 


1939 1944 

y. gd. 8.i orf. 
£2,000 £4-300 

£3.300 £7,100 


388 



LOW PRESSURE VAPOUR 


§402-403 

The plant in Fig. 230 is cheap and simple. The compound plant in Fig. 231 is 
more difficult to control and is expensive. While the compound plant worked 
fairly well the gain was not always obtained and the saving over the simple 
plant was not always sufficient to justify the cost and complication in 1939. 
At 1944 prices matters would have been different, but in the meantime the 
plant was modified to retain some of the virtue of compound working but doing 
the secondary heating to water instead of liquor. There may well be factories 
where the straight compound plant would fit in well. 

403 . THE SPRAY CONDENSER. In a number of the foregoing examples 
heat has been recovered from flash steam in a spray condenser. This piece of 
apparatus is easily the cheapest piece of heat saving plant that exists. It can 
be made very small and out of almost anything. It is of course just a crude 
countercurrent jet condenser. It can collect the heat in any kind of waste 
vapour and there need be no temperature drop in it. The only cause of there 
being temperatures below 212° F. in it is due to the partial pressure of any air 
that the vapour may contain. 



MO. 232. THE COLLECTION OF LOW GRADE WASTE VAPOUR IN A SPRAY 

CONDENSER 

Suppose we have a plant like that shown in Fig. 232. This is an imaginary 
factory making no known product. Its main piece of plant is an evaporator 
which takes 5,000 lb. of 50 psi steam per hour. The evaporator works under a 
pressure of 10 psi and the vapour from it supplies all the rest of the^'plant. 
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A 4-roll calender takes 250 Ib./hr., 2,500 Ib./hr. goes to a battery of hemis¬ 
pherical pans, 2,000 Ib./hr. goes to blowers in open vats. By putting hoods 
over the wet end of the calender and over the pans and vats much vapour--- 
1,100 Ib./hr.—is collected and led to a long spray condenser. The excess 10 psi 
steam from the evaporator, 75 Ib./hr., goes, via the safety valve, to the spra^ 
condenser. The flash from the evaporator condensate is taken in two stagey 
first from a flash pot into the 10 psi main and finally from the hot-well, together 
with the flash from the 10 psi condensate, into the spray condenser. 

404 . EFFECT OF AIR IN CONDENSER. The hood over the calender in 
Fig. 232 must of necessity allow a large air leakage and it is assumed that 
in the vapour from this plant there are g volumes of air to one of steam. Now 
the air supplies no heat. The heat is all provided by the steam, but the partial 
pressure of the steam is only i/io of 14* 7 or 1-47 psi.a. Steam at this pressure 
only has a temperature of 115° F.—see Section 318, Chapter 10. Similarly 
the vapour from the pans is assumed to have 50 per cent, of air and only has a 
temperature of 179° F., while the vapour from the vats is assumed to have 
30 per cent, of air and to have a temperature of 195° F. 

Table LVIII gives the temperatures of mixtures of air and steam by volume 
at various pressures. 

TABLE LVIII. TEMPERATURE OF STEAM 
ADULTERATED WITH AIR 


TEMPERATURES "F OF SATURATED STEAM MIXED V/ITH AIR OF PER CENT. 


BY VOLUME 

STEAM 


PRESSURE 1 

0% 

5®/ 

10 % 

20 % 

30% 

40% 

50% 

60% 

0 

t 

80"' 

90% 

1 

25-in. vac. 

134 

132 

130 

125 

120 

115 

109 

101 

92 

79 

59 

20-in. „ 

161 

159 

157 

152 

147 

141 

134 

125 

115 

101 

79 

15-in. „ 

179 

177 

174 

169 

163 

157 

150 

141 

130 

115 

92 

10-in. „ 

192 

190 

187 

182 

176 

169 

161 

152 

141 

125 

101 

5-in. „ 

203 

201 

198 

192 

186 

179 

171 

161 

150 

134 

109 

Atmos. 

212 

209 

207 

201 

195 

187 

179 

169 

157 

141 * 

115 

10 psi.g 

239 

237 

234 

227 

220 

212 

203 

193 

179 

162 

134 

20 

259 

256 

253 

246 

239 

230 

221 

209 

195 

177 

147 

30 „ 

274 

271 

268 

261 

253 

244 

234 

222 

207 

188 

158 

40 „ 

287 

283 

280 

273 

I 264 

255 

245 

233 

218 

198 

166 

50 „ 

298 

294 

291 

283 

275 

265 

255 

242 

226 

206 

173 

60 

307 

304 

300 

293 

284 

274 

263 

250 

234 

213 

180 

70 

316 

313 

309 

300 

292 

282 

271 

257 

241 

219 

186 

80 „ 

324 

320 

316 

308 

299 

289 

278 

264 

247 

225 

191 

90 „ 

331 

328 

324 

315 

306 

296 

284 

270 

253 

231 

195 

100 „ 

338 

334 

330 

322 

312 

302 

290 

276 

; 258 

235 

200 


Now most of the water passing through the condenser in Fig. 232 is the 
return water from the heating system and this water is at 150° F. This water 
could not take up any heat from the calender vapour at 115° F. So the various 
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vapours must be piped to the condenser in their proper order of temperature 
with the coolest nearest the top. And, if more than one water supply is sprayed 
in, the coolest water must go in nearest the top. In this way, as the water gets 
hotter it meets progressively hotter vapour, and the coolest vapour is certain 
of condensation as it meets the coldest water. 

In Fig. 232 the cold supply is controlled from the tank at the bottom of the 
condenser. As there is much air in the condenser a large tank is provided at 
the bottom of the condenser so as to give any entangled air a chance of separating 
out. 

In order to clear the air from the condenser and to provide a gentle draught 
in the ducts from the plant, a small fan is fitted at the top of the condenser. 

When water is heated in a spray condenser such as has just been discussed, 
it will be saturated with air and will be liable to corrode steel pipes. It may 
pay to use steel pipes and to renew them every few years. It is probably better, 
however, to use copper or cast iron. 

405. SIZE OF SPRAY CONDENSERS. The cross-section of a spray 
condenser depends on two things. It must be large enough to prevent any 
throttling and consequent pressure drop ; the velocity of the vapour must 
not be sufficient to carry the water drops up too far. There is no chance 
of the water drops being carried out of the top. Even if the velocity is so high 
at the bottom as to carry up the drops, condensation is very quick and begins 
at once. The amount of vapour is therefore continually being reduced and the 
velocity is continually slowing down. At the bottom of the condenser where 
the steam first meets the water, the drops have already fallen a considerable 
distance and are tlierefore dropping quite fast, and their momentum will prevent 
their being picked up. It is probably quite safe to use velocities of twice those 
given in Table LVII. But what size are the water drops ? Probably most of 
them are • i in. or over ; but this is only a guess. Anyhow if there are a few 
that arc smaller they will only be carried up a short way and as the vapour 
velocity drops due to condensation they will quickly fall, especially as the drops 
are all the time getting bigger by mopping up vapour. 

The height of a condenser must be sufficient to give the water time to take 
up the heat of the vapour. This is a very quick process. Lengthening the 
condenser does not proportionally lengthen the time of stay of the drops. 
Doubling the height adds 40 per cent, to the time the drops take to fall. 
Speaking very roughly four limes the diameter is probably generous ; three 
times the diameter is probably enough in most cases and twice may often be 
sufficient. Of course a condenser like that in Fig. 232 is another matter. 
Probably about two diameters above the last vapour inlet will be all right unless 
the last inlet carries a lot of vapour or the water from the top spray is very warm. 

406. SCALING OF SPRAY CONDENSERS. If the water that is heated in a 
spray condenser contains much temporary hardness and if the temperature is 
fairly high a great deal of scale may form inside the condenser. Unless provision 
is made for the removal of this scale it will eventually turn the vessel into a 
great marble column. 
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There are several ways of dealing with scale. The first is the provwion of 
plenty of manholes not more than two or three feet apart and on different 
sides of the condenser. Chains can be hung inside down which the water can 
fall and the scale will form on the chains which must be frequently drawn and 
the scale flogged off. If the chains are left too long they will be cemented 
together and become immovable. The condenser can be make of old junk and 
can be discarded if the scale gets too thick. (One dairy has made a spray 
condenser for collecting churn sterilising vapour out of a couple of old oil 
dnuns with the ends knocked out.) 



wo* 233. COLLECTION OF CHURN STERILISING VAPOUR WITH SPRAY CONDENSER 

407. CONSTRUCTION MATERIALS FOR SPRAY CONDENSERS AND 
VAPOUR DUCTS. A spray condenser often collects heat from vapour 
that is heavily adulterated with air. As the air must have been heated up by 
the Steam to the temperature corresponding to the steam’s partial pressure, the 
vapour will be very wet and condensation will occur fairly heavily in the ducts. 
The condenser and the ducts leading the vapour to it are liable to severe 
corrosion. The ducts should be made really good—say of copper, or should be 
made really cheap, of thin sheet metal tarred internally, and replaced every two 
or three years. Ducts should be made with a good fall so as to discourage con¬ 
densate from hanging about. For a permanent condenser there is little to 
beat cast iron. It is cheap and long-lasting and requires no maintenance. 
Wood is an excellent material for ducts and for the condenser. It will outlive 
most sheet iron, and it is light and self-lagging. 


408. APPLICATIONS OF SPRAY CONDENSERS. A number of 
applications have already been mentioned in the examples. Here is 
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a short list of vapours whose heat can be effectively collected in spray 
condensers :— 

Low pressure flash. 

Vapour from vats. 

Vapour from pans and evaporators. 

Turbine gland leaks. 

Exhaust from ejectors. 

Waste vapour from open sterilizers. 

Blow-off from autoclaves, sterilizers, steamers and pans. 

Plant and steam pipe air vents. 

Coppers. 

Fig. 233 shows the application of a spray condenser to a churn steriliser. 
The waste vapour goes a long way towards heating the churn washing water. 
Fig. 234 shows a spray condenser applied to a brewing copper. This heats 
the water needed for barrel washing, and in some, breweries heats the mashing 
liquor. 
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FIG. 234. ^COLLECTION OF BREWERY COPPER VAPOUR WITH SPRAY CONDENSER 

In the author’s factory a very long spray condenser collected the vapour 
heat from about a dozen different sources, all of which were separately ducted 
into the condenser, which was naturally christened the “ Centipede Nearly 
all these vapours have since been promoted to higher grade uses and the poor 
centipede has suffered successive amputations so that now it is a mere biped, 
and looks like becoming a monopod. 
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409 . VACUUM FLASHING. In Sections 401 and 402 steam was flashed off 
a liquid under vacuum. In the application described in those Sections the 
primary object of the flashing was to cool ; the secondary object was to con¬ 
centrate ; the flashing was not being done primarily to recover the heat. 
In Section 402 part of the flash heat was recovered, but only for purposes of 
making up the temperature lost by excess flashing. 

There is no reason why flash steam should not give up its heat to another 
liquid in a condenser at very low temperature (or high vacuum) provided there 
is some suitable low temperature liquid that needs heating. The plant described 
in Section 402 is now being altered so as to recover the heat rejected in the jet 
condenser, which is being replaced by a surface condenser. 
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The most economical way of using flash steam at any temperature is to 
pass it into an existing heating surface, instead of making a special little plant 
for its use. If there exists a heating surface heated by steam below atmospheric 
pressure, any water that is being thrown away and that is hotter than the low 
pressure heating steam, should be connected to the low pressure heating surface 
and allowed to give up its excess heat as flash steam. This subject is dealt with 
in more detail in Chapter 17. 
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410 . FLASH FOR POWER. While it is ideal to capture the latent heat in the 
flash steam, it may not always be possible. There is no sense in installing an 
elaborate arrangement for collecting flash steam and then finding that there 
is no way in which the flash heat can be used. But steam is steam whether it 
be flash or virgin. 



FIG. 236. THREE STAGE BLOW-DOWN FLASH 
RECOVERY FOR TURBINE BLEED HEATING 


Fig. 235 shows a quintuple expansion flash system taking the heat out of 
high pressure boiler blow-down and passing the steam into a power station 
turbine. The system is somewhat similar to that shown in Fig. 229 but the 
flash steam instead of being used for process is used lor power production. 
The turbine has been converted into a multiple mixed pressure turbine with 
five very small low pressure instalments. A loss of i per cent, of the total heat 
passing through each flash tank has been assumed. Now any steam that passes 
through a turbine works at the efficiency of all the rest of the steam, so that 
although these flashes are relatively very small they are used very efficiently and 
the power obtainable adds up to the truly remarkable total of 22| kW, while the 
flash provides a welcome addition of 338 1 lb. of distilled water. If the blow 
down was i per cent., this system reduces the actual water loss by blowdown 
to 0*66 per cent. 

411 . FLASH FOR BLEED HEATING. The suggestion put forward in the 
last section demands a multitude of litde connections to the turbine. Now 
a modern turbine has bleed points for regenerative heating. In Section 400 
the flash from high pressure blowdown was shown going at two pressures to 
process. In the modern power station the regenerative feed heating by bled 
steam is a very definite process. 
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« 

From the power point of view it does not matter whether the flash steam is 
used direct into the turbine or direct into the bleed feed water heaters. If it 
goes into the feed water heaters it will reduce the amount of bled steam and the 
unbled steam can pass right through the turbine to generate extra power. 

In Fig. 24, Section 88, Chapter 2, a regenerative cycle is described in which 
there are three bleed points at about 80 psi, 10 psi and 18 in. vacuum. Let us 
see what we can get from flash steams from the blowdown when it is passed 
through three flash tanks at these pressures. For simplicity it is assumed that 
the flash steam goes into the turbine. In practice it would go into the feed 
heaters and would replace an equal amount that would remain in the turbine 
instead of being bled out. There is no need to work through the arithmetic— 
the quantities are shown on Fig. 236. We see that by using three stages instead 
of the five used in Fig. 235, we can get 2o| kW and we secure 327 Ib./hr. of 
condensate. The loss by the use of three stages only and of going down to 18 in. 
instead of 24 in. is only if kW and ii J lb./hr. of condensate. Clearly this is 
the method to use. It is also a good example of the value of investigating a 
simple plant before embarking on a complicated one. Both these flash-cum- 
turbine examples may be considered far-fetched. Perhaps they are ; but 
they are good exercises in flash technique and the scheme in Fig. 236 may well 
have practical application. 

412 . JET CONDENSERS. An ordinary jet condenser is as a rule not a device 
for saving heat but foi throwing it away as rapidly and completely as possible. 
However, jet condensers (and surface condensers) are useful and necessary 
plants, and this is probably the most appropriate place for their discussion. 

Jet condensers are condensers in which the vapour to be condensed and the 
cooling water come into direct contact without the intervention of a heating 
surface (or cooling surface). There arc a number of different types :— 

1. Wet condensers. 

2. Dry condensers. 

(a) Parallel current. 

{b) Counter current. 

(i) Barometric. 

(ii) Low level. 

(Ejector condensers.) 

Theoretically any combination of three qualities having either alternative 
in the first three groups is possible, but in practice there are certain combinations 
which are never used and would be almost impossible to arrange. 

A “ wet ’’ condenser is one in which the condensing water and the incon¬ 
densible gases are removed together by means of a “ wet ” vacuum pump. 
The gases are therefore at the hot temperature of the condenser—the water 
outlet temperature. 

A “ dry ” condenser is one in which the condensing water and the incon- 
densible gases are removed separately. The gases are removed from a point 
near the cooling water inlet and are therefore at the cool temperature in the 
condenser—approximately that of the input cooling water. 
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In a parallel current condenser the vapour to be condensed and the 
cooling water enter at the top and flow together through the condenser. 

In a ‘‘ counter** current condenser the water enters at the top and the 
vapour enters at the bottom and the two flow in opposite directions. 

In a “ barometric ** condenser the water outlet pipe at the bottom of the 
condenser is made of such a height that the water column is higher than that 
corresponding to the vacuum it is proposed to produce in the condenser. 
The end of the “barometric leg’* is sealed in an “atmospheric tank” to 
prevent the vacuum being broken in the event of the outflowing water being 
insufficient to keep the barometric leg full of water. (See Section 308 and 
Fig. 149. See also Fig. 239, Section 417.) 

A “ low level ” condenser is used where there is insufficient height to permit 
the barometric arrangement, and cooling water has to be removed from the 
condenser by means of a pump. 

The “ ejector ” condenser is a combination of parallel current condenser 
and vacuum pump. 

413 , VACUUM OBTAINABLE IN JET CONDENSERS. The vacuum in 
a jet condenser is dependent on two things only, the temperature of the cooling 
water at the maximum tem]:)crature that it reaches after absorbing all the heat 
in the vapour, and on the amount and consequently the partial pressure of any 
air or incondensible gas in the condenser. Ihe temperature of the hot cooling 
water depends on its original temperature and the amount that is admitted to 
the condenser. The amount of air depends on the way in which the air is 
removed. 

The pressure in a condenser is the sum of the partial pressures of the water 
vapour and the air. If there were no air in the condenser, the pressure—or 
vacuum—would depend only on the temperature, and the temperature would 
depend only on the amount of cooling water put in and on its original tem¬ 
perature. 

Suppose we wish to condense i lb. of air-free vapour at 21 in. vacuum. The 
temperature corresponding to this vacuum—the steam table tells us the absolute 
pressure is 4-41 psi.a.—is 157° F. and this is the temperature to which the cooling 
water is raised. The total heat at 21 in. vacuum is 1,129 Btu/lb. Let us assume 
that the cooling water is at 60° F. and contains 28 Btu/lb. The output cooling 
water at 157° F. contains 125 Btu/lb. Then 

If X is the weight of the cooling water 

(l X 1,129) + (* X 28) = (l + ^) 125 
1,129 + 28 a : = 125 + 125A: 

1,004 = 97* 

10‘35 = AC lb. water/lb. vapour. 

If condensation is required at atmospheric pressure 
(i X 1,151) + (x X 28) = (i + Ac) 180 
1,151 + 28ac = 180 + 180AC 
971 = 152AC 

6 • 39 = AC lb. water/lb. vapour. 
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A vacuum of 29 * 5 in. corresponds to a temperature of 58 • 8° Fconsequently 
cooling water at 60° F. cannot produce such a vacuum. The water must be 
cooler than the temperature corresponding to the vacuum needed. Let us 
see how much water at 60° F. is needed for condensation at 29 in. vacuum. 

(i X 1,096) + X 28) = (i + a:) 47 

1096 + 28a; = 47 + 47;; 

1,049 = 19*^ 

55*2 = lb. water/lb. vapour. 

In the foregoing examples it has been assumed that the temperature of the 
inside of the condenser is the same as that of the outgoing cooling water. This 
is true of a good counter-current dry condenser, so far as measurements with 
ordinary industrial thermometers—laboratory checked—are concerned. 

414 . EFFECT OF AIR. The partial pressure of any air present is added to 
the vapour pressure of the hot cooling water so that it is necessary to have 
cooler water in the condenser to obtain the same vacuum as can be obtained 
with an air-free condenser. We can tabulate for the three pressures dealt 
with in Section 413 above, assuming 10 per cent, of air as follows : — 


Vacuum 

Required 

Corresponding 
'/ emperature 

psi,a. 

Partial 

Air 

Pressure 

Partial 

Vapour 

Pressure 

Corresponding 

Temperature 

Lb, Water 
per lb. 
Vapour 

Lb, Water 
per lb. 
Air-free 

1 ajtour 

Atmos, 

212 

14-69 

1-47 

13-22 

207 

r>-63 

f>*39 


157 

4-41 

•44 

3-97 

>53 

TO -7 

10*35 

29" 

79 

•49 

05 

•44 

76 

65-6 

55*2 


We see from this that at atmospheric pressure or at moderate vacua the 
presence of a little air does not make very much difference to the amount of 
cooling water needed ; but that as the vacuum rises and the condenser 
temperature gets nearer to that of the incoming cooling water the effect of 
air is serious. Let us see how much air would be required to prevent water at 
60° F. producing a vacuum of 29 in. 


The vapour pressure of water at 60° F. is • 256 psi.a. The pressure equivalent 

of 29 in. is • 49 psi.a., so that —== 48 per cent, of air would make 

*49 

the achievement of 29 in. impossible with water at 60° F. 


Table LIX shows the amounts of cooling water at 60° F. needed to produce 
various vacua with air percentages varying between o and 30 per cent, and with 
temperature differences between condenser temperature and outgoing water 
temperature of between o and 10° F. 


415 . PARALLEL CURRENT CONDENSERS. In a parallel current 
condenser the cooling water and the vapour go in together. The hot cooling 
water containing the condensate comes out together with the air. If there 
were no air the vacuum in the condenser would correspond exactly to the 
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vapour pressure appropriate to the temperature of the outflowing water. 
From Table LIX we see that at atmospheric pressure a condenser with no air 
will require 6-4 lb. minimum of cooling water per lb. of vapour, while at 
28 in. vacuum at least 25*3 lb./lb. will be needed. 


TABLE LIX. POUNDS OF JET CONDENSER WATER 
NEEDED FOR DIFFERENT VACUA AND FOR DIFFERENT 
AIR PERCENTAGES AND TEMPERATURE DIFFERENCES 


LB. WATER AT 60* P. PER LB. VAPOUR 


PER CENT. 
AIR BY 
VOLUME 

0 PER CENT. 

10 PER CENT. 

20 PER CENT. 

30 PER CENT. 

TFMP. 

DIFF. 

F. 

5* F. 

10* F. 

0» F 

5“ F. 

10- V. 

0*r. 

5* F. 

10“ r. 

0* F. 

5“ F. 

10* F. 

VACUUM 

Atmos. 

6 4 

6 6 

6 8 

6-6 

7-0 

7 2 

6-9 

7-2 

7-5 

7-3 

7-6 

7-9 

5 m. 

6-8 

71 

7-4 

71 

7-4 

7-7 

7-5 

7-8 

8-1 

8 2 

8-6 

9-0 

10-in. 

7-5 

7-8 

81 

7*8 

8-1 

8-5 

8-1 

8-5 

8-9 

8 6 

9-0 

9-5 

IS-in. 

8*3 

8-7 

9-2 

8-7 

9-2 

9-7 

9-1 

9-6 

10-2 

9-7 

10-3 

10-9 

20-in. 

9*9 

10 5 

11*1 

10-4 

11-0 

11-7 

11-0 

11-6 

12-4 

11-8 

12-5 

13-4 

21-in. 

10 6 

11*2 

11-9 

10-8 

11-5 

12*3 

11-5 

12 2 

13-1 

12-4 

13-2 

14-2 

22-in. 

no 

11-6 

12-4 

11-5 

12-2 

13-1 

12-2 

13-1 

14-0 

13-0 

14-0 

151 

23-in. 

11-6 

12*4 

13-3 

12-4 

13-2 

14-2 

13-0 

14 0 

15-1 

140 

IS-I 

16-3 

24-in. 

12-5 

13-4 

14-3 

13-2 

14-2 

15-3 

14-2 

15-3 

16-6 

15-3 

16 6 

18-1 

25-in. 

13*8 

14 8 

161 

14-6 

15-8 

17-2 

15-7 

17-1 

18 8 

17-1 

18-8 

20-7 

26-in. 

15-7 

17 1 

18*8 

16-8 

18-4 

20-3 

18 0 

19-9 

22-1 

19-4 

21-6 

24-2 

27-m. 

1 

20 7 

23-1 

20-2 

22-5 

25-4 

22 0 

24-7 

28-2 

24-1 

27-4 

31-7 

28-in. 

25-3 

28 9 

33-8 

27-3 

1 31-6 

37-4 

30-6 

36-0 

43-8 

36-0 

43-7 

55-4 

28-5-in. 

32*6 

38-8 

47-8 

37-3 

45-6 

58-6 

41-8 

52-5 

70-3 

52-4 

70-2 

105-8 

29-in. 

55 2 

1 

75-3 

117-6 

65-7 

96-0 

176-8 

87-8 

151-1 

531-5 

131-9 

353-2 



Now air or other gas is always present in a condenser. Air or gas is dissolved 
in the liquid from which the vapour is springing. Leaks are present in greater 
or lesser degree. The cooling water always carries some air in solution. This 
air must be pumped out of the condenser by means of some kind of vacuum 
pump. Now if a pump is applied to a vessel containing hot water and no air, 
the vessel will be exhausted until the pressure inside corresponds to the vapour 
pressure of the water at its particular temperature. Any attempt to get a greater 
volume, that is to reduce the pressure, by increasing the capacity of the pump, 
will fail because the water will just flash and the pump will simply pump 
vapour, of which there will be an almost unlimited supply. 

When air is present, the vacuum in the vessel will correspond to the sum of 
the partial pressures of the air and the water vapour, and, at the outlet of the 
condenser, the air represents a much larger proportional volume than that in 
the input vapour. 

There are therefore two limiting factors which control the vacuum in 
condensers where the air is removed in contact with the hot water. One is the 
partial pressure of the air ; the other is the fact that the pump will try to 
rc-evaporate some of the steam from the water. For a given water supply and 
pump capacity there is a certain temperature, which cannot be exceeded, and 
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which is lower than that corresponding to the vacuum by quite an appreciable 
amount, due to the air partial pressure and which compels a margin between 
the vapour pressure of the water and the actual pressure. 

416 . COUNTER CURRENT JET CONDENSERS. In a counter current 
jet condenser things are very different. The vapour enters at the bottom ; the 
water is sprayed in at the top and flows out at the bottom ; the air is removed 
at the top. This arrangement at once brings two great advantages. The air is 
properly separated and does not add itself and its partial pressure to the vapour. 
The temperature of the cooling water, as it leaves the condenser, can therefore 
be almost the same as that of the incoming vapour. At the point where the air 
is removed there is air only and cold air at that; it is of course saturated with 
mf>isturc. All that is needed is a pump of sufficient capacity to remove the cold 
air. It is therefore always possible to get a given vacuum from a counter current 
condenser with less water and a smaller vacuum pump than from a parallel 
current condenser. No parallel current condenser can operate at, or near, the 
vacuum corresponding to the water temperature. A counter current condenser 
can and does operate in such a way that ordinary industrial thermometers register 
no difference between the temperatures of the input vapour and output water. 


VACUUiwt PUMP 



JET CONDENSER COUNTER CURRENT JET CONDENSER 


417 . TYPES OF JET CONDENSER. The parallel current condenser is not 
important. It should be avoided if possible. It is extravagant in water and in 
vacuum pumping power. One old design is shown in Fig. 237. 
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Counter current jet condensers are of three broad types ; the water curtain ; 
the spray nozzle ; and the tray. A type of water curtain condenser is shown in 
Fig. ‘238. Many of the proprietary makes of condenser are of this type. The 
water overflows a weir and falls as a tubular curtain on to one or more baffles 
or saucers where it is redirected as another tubular curtain. The curtain is 
seldom really continuous, but even so, there is a definite resistance to the vapour 
flow as the vapour must break the curtain to get through. 

The spray nozzles in Fig. 239 break the water up into drops and the water 
control brings successive nozzles into or out of operation so as to maintain 
proper drop formation at all loads. 


VACUUM PUMP 



FIG. 240 . perforated TRAY 
COUNTERCURRENT JET CONDENSER 



FIG. 241 . EJECTOR CONDENSER 


The tray condenser, shown in Fig. 240, is crude but is, in the author’s 
experience, quite the best form of jet condenser. The trays are made of per¬ 
forated cast iron and are shelves which are just over half a diameter in area. 
The vapour has a free unrestricted path. It has not got to force its way through 
tough curtains of water. The water is delayed in its passage through the con¬ 
denser. It so has plenty of time to take up as much heat as it can, unlike the 
water in the condenser shown in Fig. 239, where the water can drop without 
hindrance straight out of the condenser. The tray condenser is the only con¬ 
denser in which it has been found possible (in the author’s works at any rate) 
to have a water outlet temperature equal to the vapour inlet temperature. 
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418 . EJECTOR CONDENSERS, These are hybrid machines. They com¬ 
bine vacuum pump with parallel current jet condenser. They must use more 
water than a plain parallel current condenser, because the water acts as vacuum 
pump as well as coolant. Where water is very abundant and cheap they may 
fill the bill. 

Fig. 241 shows the principle on which they work. The vapour enters at the 
top, and water is sprayed through a ring of special nozzles or jets into a throat 
which is built up of a series of ejector cones. The water drags the air out by 
suction through the ejectors. These condensers are not economical on varying 
loads as a reduction in water supply to the nozzles reduces the ejector efficiency. 

All three forms of counter current barometric condenser act as ejector 
condensers to a certain extent. Tray condensers in the author’s factory give a 
slightly better vacuum (when there is no vapour entering the condenser) 
with the cooling water flowing through the condenser and the vacuum pump 
working, than with the vacuum pump connected to a dry, but water sealed, 
condenser. This means that not only does the water eject all the air brought in 
with itself but does a little extra vacuum pumping as well. 

419 . LOW LEVEL CONDENSERS. These should never be used if there is 
head room sufficient for a barometric condenser. All the water must be pumped 
out. This, from a power point of view, should not matter, as all the water in a 
barometric condenser must be pumped 30 feet higher. But the pump that 
extracts the water in a low level condenser is generally a reciprocator and 
doubles the part with the vacuum pump. It is possible for an ejector condenser 
to be a low level condenser. 

Every low level condenser must be provided with a float operated vacuum 
breaker. If for any reason the condenser starts filling up with water the vacuum 
must be broken to prevent the condenser water flowing back into the plant. 
To quote the inimitable Mr. McIntosh : “If, from any combination of circum¬ 
stances, the condenser be overloaded with water, the latter, instead of being 
removed altogether by the pump, flows back into the vacuum pan, and, mingling 
with the sugar solution, proves very detrimental to the ultimate result.” 

♦ ♦ * 
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boiler plant to meet such a steam demand properly. The firing rate must be 
kept steady at average load and when these wild peaks come along they must 
be met by a drop in pressure, which will cause the boiler water to flash and thus 
help to meet the peak. As such sudden steam draws cause a grave risk of heavy 
carry-over, it will be necessary to keep at least 50 per cent, more boilers in 
operation than would have been needed to carry the average load had the 
demand curve been smooth. 

Fig. 242b shows the steam load in a steel works. Here the peaks are caused 
by ingots, blooms and billets passing through the rolls, or by steam hammer 
blows or press squeezes. Again the peaks are very short and quick so that it is 
quite impossible for any boiler plant to follow them, they can only be met by 
allowing momentary pressure drops on the boiler range. 

422 . LONG-TERM PEAKS. Fig. 243a shows the steam demand in a small 
dye works. Here the peaks and valleys are of quarter to half an hour in length. 
Peaks and valleys of this length must be met by the boilers, because the length 
and severity of the pressure fluctuations would be intolerable. I’he peaks are 
caused by the intermittent putting on and off the dye becks or vats. 



FIG. 243. TYPICAL LONG TERM PEAKS 

Fig. 243b shows the steam demand in a small sugar refinery. The main 
peaks are caused by the intermittent operation of the vacuum pans which work 
on cycles varying from 2 to 12 hours. Superimposed on these major peaks are 
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small peaks from blowers and heating coils. These small peaks are too short 
and rapid to be met by the boiler, but the big long peaks must be handled by 
the boiler plant. 

423 . EFFECT OF PEAKS ON BOILER OUTPUT. It is all very well to 
say that such and such peaks must be met by the boilers. What happens when 
the boilers try to meet peaks of the kind we have seen in Fig. 243 ? Ritchie 
gives the following excellent description of what happens in an ordinary small 
boiler house. 

“ Fig. 244 is a diagram showing the rate of steam demand (not steam flow) 
of a factory as the full line, the rate of steam production by the broken line 
and the steam pressure by line G. 



FIG. 244 . PEAKS THAT THE BOILER PLANT MISSES 
AND CONSEQUENTIAL BLOW-OFFS 

Between 2 o and 2*45 it is assumed that the conditions are steady and that 
a rate of firing has been established corresponding to the steam demand, so that 
the pressure is reasonably well maintained. At 2 • 50 a peak develops causing the 
boiler pressure to drop. With this indication that he is short of steam, the 
fireman increases his rate of firing and opens his dampers. The boiler is, 
however, slow to respond and the boiler pressure continues to fall. Meantime 
the peak demand has reached its maximum at about 2 • 55 and has begun to 
fall off. At 3*05 the safety valves lift, and, with this indication that he is 
making more steam than is required, the fireman reduces his rate of firing 
and closes his dampers. This docs not take effect immediately, and, in any 
case, the steam demand is falling. Consequently the safety valves remain open 
until about 3 • 20 when the rate of steam production is again equal to the demand. 
At this point, however, another peak demand starts and the chase begins 
again—and so it may go on all day. 

The white areas in Fig. 244 represent steam demands that have not been 
met—they would be missing altogether on a steam meter chart, except for the 

406 



PEAK LOADS 


§423^-426 

amount of flash steam produced from the boiler water by the drop in pressure 
due to the peak demand. The horizontally hatched areas show the amount 
of steam blown off by the safety valves. The vertically hatched area shows the 
steam demand which is actually met.’’ 

424 . EFFECT OF PEAKS ON BOILER EFFICIENCY. A boiler requires 
constant care and attention in order that combustion may be efficient. Unless 
load conditions are steady it is impossible to adjust coal supply, lire thickness, 
draught, air supply, etc., so as to attain efficiency. If the fireman is waging 
continual war on fluctuating steam pressure, chasing a peak demand with falling 
pressure one minute, damping down a rising pressure the next, it is quite im¬ 
possible for him to pay any attention to combustion. All he can do is to get 
maximum heat liberation now and damp everything down then. The probable 
boiler loss from such a state of affairs may easily be as much as 8 per cent, to 
12 per cent., however good the condition of the brickwork, dampers, etc. 
On the top of these losses is the loss from the safety valves. This may be much 
greater than is often appreciated, anything from i per cent, to 10 per cent. It 
is pretty certain that a hand-fired boiler house, where meeting the peaks and 
valleys occupies the major part of the fireman’s attention, will be between 10 per 
cent, and 15 per cent, less efficient than a similar plant on steady load where 
the fireman can devote all his time and effort to getting efficient combustion. 

425 . CUMULATIVE EFFECT OF PEAKS. When one or two pieces of 
plant start up together the steam pressure in the pipe feeding these plants 
drops. The operators in the neighbourhood at once open their valves to main¬ 
tain the rate of heating on their plants with the reduced pressure. This pulls 
down the pressure still more and the original offenders in their turn open up 
still more and a proper steam chase starts. The lower the pressure the less 
steam can be carried by a given steam pipe, so that to get the necessary flow a 
bigger pressure drop will be needed. This causes a still further lowering of the 
pressure. 

Once a small peak starts there are several influences at work tending to 
aggravate it. Similarly, when the peak starts to become a valley everyone 
starts closing their valves against rising pressure, pipes carry more steam 
with less pressure drop, so that the valley tends to become deeper. 

426 . EFFECT OF PEAKS ON STEAM FLOW. In Section 174, Chapter 5, 
we found that to carry 6,000 lb. of saturated steam an hour at Go psi.g. along a 
pipe 450 feet long (effective length 531 ft.) w^e should need a pipe 4 in. in diameter 
which would cause a pressure drop of i *5 psi per effective 100 ft. or a total drop 
of 8 psi. This would mean that the pressure at the plant would be 52 psi. 

What happens when, due to a peak demand in another department, the 
steam pressure in the main drops from 60 to 50 psi ? We must guess the mean 
volume of the steam as 6*25 cu. ft./lb. Fig. 49 shows that the pressure drop 
per 100 ft. will be i - 6 psi. So that the pressure drop along the whole pipe will 
be 8 • 5 psi instead of 8 psi, and the lower the pressure the greater must be the 
pressure drop. 
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427 . EFFECT OF LOWERED PRESSURE ON PROCESS. Suppose a vat 
contains 500 gallons of water to be heated from 60° F. to 210® F. and then held 
at that temperature for 2 hours. We will assume that there is 2 ft. 8 in. of liquid 
in the vat and that steam at 4 psi.g. is fed to the blowers. (Steam at 4 psi is 
lower than the pressures used in most dye works. But 4 psi should be sufficient 
and there will l3e much less waste than with higher pressure steam.) The vat 
is 4 ft. X 4 ft. X 9 ft. The sides and bottom have i in. of lagging but the top 
is open. 

The heat required for heating up the water will be 

210 — 60 = 150 Btu/lb. 

Steam at 4 psi contains 1,155 Btu/lb. 

The steam required will be found thus :— 

{x X 1,155) + 5 yOOO (60 — 32) = (5,000 + (210 - 32) 

1155**’ + 140,000 = I78;ir + 890,000 
gyyx == 750,000 
;r = 768 1b. 

The heat loss at 210** 1 . can be found from Table XXII as :— 
lagged .. .. 50 Btu/sq. ft./hr. 

bare . . .. 325 Btu/sq. ft./hr. 

The lagged surface is (4 X 4 X 2) + (4 X 9 X 3) = 140 sq. ft. 

Unlaggcd surface is 4 x 9 = 36 sq. ft. 

The open top will permit evaporation, so that it is quite certain that the 
heat loss will be much more than th^ 325 given by Table XXII. It will probably 
be well over 1,000 Btu/sq. ft./hr. (see Section 464). 

The total heat loss will be 

(140 X 50) + (36 X 1,000) = 43,000 Btu/hr. 

The heat needed to make up for the losses will be provided by the latent 
heat in the 4 psi steam plus the difference in sensible heat in the steam and the 
tank contents, or, at these low temperatures, the difference between the steam 
temperature and the vat temperature. 

Latent heat of 4 psi steam is 963. 

Sensible heat difference is 225 — 210 = 15. 

The steam required to make good the losses will be 
43,000 

- —— = 44 lb. steam/hr. 

978 

In practice the steam will probably be wet and there will be draughts so 
that a safe figure to take would probably be 60 lb./hr. This may even be an 
underestimate. 

If the steam pipes are such as to pass 500 lb./hr., the actual time needed 
for the process cycle can be estimated with the help of Figs. 245 to 247. 

The steam needed to make good the losses is 60 lb./hr. 

The maximum steam supply available is 500 lb./hr. 
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When the vessel is cold, as at A in Fig. 245, there are no losses. 

As the vessel is warriied the losses increase until they reach the equivalent 
of 60 lb./hr. at B when the vessel is up to temperature. 



FIG. 245. NORMAL BATCH 
DYEING OPERATION 
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FIG. 246. DYEING OPERATION 
WITH REDUCED STEAM PRESSURE 


If the liquid is capable of condensing the steam at the full rate of possible 
supply the cycle is fairly shown in Fig. 245. 


The actual rate of steam supply available for heating up the liquid fiom 
cold is 500 Ib./hr. less half the loss-balancing steam or 500 — 30 — 470 Ib./Iir. 

The amount of steam needed for heating up has already been found 
to be 768 lb. 

So that the time taken for heating up will be 

= I hr. 38 min. 

470 

The total processing time will be 3 hr. 38 min. assuming that the actual 
dyeing operation takes 2 hours. 

Now the pressure drop limiting the steam flow in the blower is 4 psi less 
the hydrostatic head of i psi, or 3 psi. 

If the pressure in the steam pipe drops to 2 psi due to a peak demand else¬ 
where there will only be a pressure drop of i psi available in the blower. 


The mean volume of the steam at 4 psi is 
21*4 + 25-2 


= 23-3 cu. ft./lb. 


The mean volume of the steam at 2 psi is 

23-8 + 25-2 M, 

— -!—-— = 24-5 cu. ft./lb. 
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We can estimate the reduction in steam flow from Fig. 49, Section 174, 
thus :— 

500 lb./hr. is 8*3 lb./min. 

On Fig. 49 find the intersection of 8*3 on the horizontal scale with 23*3 cu. 
ft./lb. on the vertical scale. 

Run down the reference line till the 3 psi pressure drop on the vertical scale 
is reached. 

This gives us an equivalent pipe diameter of i| in. 

Now find the intersection of this pipe diameter with i psi pressure drop. 

Run up the reference line to the intersection with 24*5 cu. ft./lb. 

This intersects a flow on the horizontal scale of 4 - 6 lb./min. or 276 lb./hour. 

The heating up time will be ;——- = 3 hr. 7 min. 

^ (276-30) ' 

The total cycle time will be 5 hr. 7 min. and is shown in Fig. 246. 

Output will be reduced by 40 per cent. 

The increased radiation loss is shown by the cross-hatched area in Fig. 249 
and amounts to 45 lb. of steam per batch. 
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FIG. 247 . DYEING OPERATION WITH 
STEAM WASTED BY WIREDRAWN INJECTION 


In actual practice probably the conditions will never be quite as shown in 
Figs. 245 and 246. The heat absorption will probably fall off as the vat heats up. 
As it is unlikely that there is really proper control much steam will probably 
break the surface and be wasted. Fig. 247 shows the more probable state of 
affairs. It shows a possible waste of steam breaking surface of 6^ per cent. 
It also shows the more likely amount of radiation loss. As the temperature of 
the vat rises the radiation loss will probably increase by rather more than direct 
proportion to the temperature drop. 
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428 . THE BAD EFFECT OF PEAKS ON QUALITY. In those processes 
where exact temperature is essential for proper processing, for example the 
curing of rubber and many chemical processes, peaks and subsequent valleys 
cause alternate high and low steam pressures. It will therefore be necessary, 
in order to maintain the constant required temperature, to work the steam main 
at a much higher pressure than would have been necessary with a steady pressure, 
in order to have a good margin. It will also be necessary to have very accurate 
reducing valves or very conscientious operation. 

In many operations too high a temperature is just as detrimental as too 
low a temperature. Peaks and valleys will either spoil material or will make 
good processing more difficult, or both. 

429 . EFFECT OF PEAKS ON ENGINES. The indicator diagram in Fig. 248 
shows an engine working with steam at 155 psi.g., line A. If the engine is 
cut-off governed the power will remain constant when the pressure falls to 
125 psi as shown by the chain dotted line B and cut-off will take place at 
35 per cent, instead of 25 per cent. This will increase the steam consumption 
by about 16 per cent. (The steam consumption is not proportional to the cut-off 
because much of the steam is used to compensate for initial condensation and 
for filling the clearance space). If the engine is throttle governed and was on 
full load at 155 psi the power output will drop by 23 per cent, if the pressure 
drops from 140 psi to 125 psi. This is shown by the broken line C in Fig. 248. 



FIG. 248. EFFECT OF REDUCED STEAM PRESSURE ON ENGINE PERFORMANCE 

430 . THE BAD EFFECTS OF PEAKS. We have seen that peaks and valleys 
greatly reduce the efficiency of the boiler house ; that they demand a larger 
boiler house ; that drops in steam pressure reduce output ; that lowered 
pressures increase radiation losses ; that spoilt material may result ; that 
correct processing is more difficult ; that engines give less power. It behoves 
us therefore to do all that we can to smooth off the peaks and fill up the valleys. 

431 . THE CAUSES OF PEAKS. If we look carefully at Figs. 242 and 243 
we can see certain things. In Fig. 242a the two big peaks at A and B were 
caused, we know, by three winders starting together. By the shape of these 
peaks we can say with fair certainty that peak C is one winder and peak D is 
another. 
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In the steelworks in Fig. 242b many of the peaks are momentary, so short 
in fact that little or nothing can be done about them, except to have a boiler 
plant that has generous water capacity and therefore ample steam storage 
and is sufficiently lightly loaded not to prime at the peak demands. 

The dye-works in Fig. 243a shows us little except that the demand is hap¬ 
hazard as might be expected from the nature of the process, but the peaks are 
of fair duration, they are not momentary like those of the steelworks. 

The sugar refinery in Fig. 243b shows long-term peaks such as might be 
expected from the nature of the principal steam users. There are, however, 
small short peaks superimposed on the big peaks, and it is very interesting to note 
that these short peaks are twice or thrice as great on the day shift as at night. 
This gives a line of investigation at once. These sharp daytime peaks 
should be easily found and it might well prove possible to smooth them out. 

Apart from these obvious things an examination of Figs. 242 and 243 leads to 
the belief that the peaks are unpredictable and cannot be accounted for by any 
simple analysis. 



FIG. 249. PEAKY STEAM LOAD FROM INTERMITTENT STEAM USERS 


Look at Fig. 249. It looks pretty erratic but close examination shows certain 
definite characteristics. For the first half hour the peaks are quite small and 
seem to have a 4 or 5 minutes frequency. Then for half an hour the peaks 
occur more severely at 9 minutes intervals. The 9 minutes frequency continues 
for the next hour although the shape of the peaks changes entirely. In the 
last hour the double peaks of the previous hour have become single peaks at 
18 minutes frequency. 

Now look at Fig. 250 which shows how the curve in Fig. 249 was derived. 
The erratic peaky curve of total consumption at A is built up from the perfectly 
regular operation of the three plants B, G and D. Now if curve A was a true 
factory steam chart whose erratic behaviour was being investigated due to 
trouble in the boiler house, an examination of the three individual charts B, 
C and D would show that they were being run with great regularity, and it 
might be thought that the plant w^LS operating as well as possible. Let us look 
more closely. 

Plant B heats a batch of material from cold and then cooks it gendy for 
I o mimites. This plant works on a steady 21 -minute cycle. In plant G material 
is heated up, boiled for 5 minutes, a small addition of cold material is then made. 
This is then again brought to the boil and the plant shut down. The cycle is 
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regular at 19 minutes. Plant D is a thermostatically operated drier working 
intermittently but quite regularly on an ** on-ofF” control on a 9-minute cycle. 

If the 19 and 21 minute plants could be brought to a regular 20 minutes, 
and if the 9 minute plant could work at 10 minute intervals, it might be possible 
to cut out all the violent fluctuations. 
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FIG. 251 . ADJUSTMENT OF TIME CYCLES ON INDIVIDUAL STEAM USERS 

Fig. 251 shows the alteration that will be necessary. If plant B is to work 
a 20-minute cycle instead of 21 minutes, it will be necessary to cut the size 
of each batch down by 1/21. Consequently rather less steam will be taken per 
batch. It will be necessary to cut the idle time from 5 minutes to 4 minutes, 
and we will assume that this is possible. The change is shown at Fig. 25 iB. 





























§ 43^~432 the efficient use of steam: chap. 15 

To run process C on a 20-minute cycle instead of 19 minutes means increasing 
the size of the batch by 1/19 and consequently the batch steam consumption. 
We will assume that this is possible. The change is shown at Fig. 25 iG. 

To bring the thermostat D into phase with the others on a 10 minute cycle 
means decreasing the response of the thermostat. This should prove only too 
easy. Each operation of the thermostat will call for i /9 extra steam. The 
change is shown in Fig. 25 iD. 

Fig. 252 shows these three modified cycles arranged in such a way (a little 
trial and error will show the best arrangement) that the valleys made by stag¬ 
gering B and C are more or less filled up by D. 
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MINUTES AND HOURS 

FIG. 252 . SYNTHESIS OF ADJUSTED CYCLES REDUCES AGGREGATE PEAKS 

432 . REDUCING LONG-TERM PEAKS. I'he remarkable change from 
A in Fig. 250 to A in Fig. 252 gives us the key to the first and simplest way to 
smoothing the peaks and the valleys. It is just simple management. A stop¬ 
watch, a steam meter if possible, or a good pressure gauge if no steam meter is 
available, plenty of perseverance and imagination may easily lead to the 
smoothing out of many of the peaks. It may be argued that Figs. 249 to 252 
are not fair. That may well be. They are not meant to be fair. They are 
meant to show that very difficult peaky consumers can, if other conditions allow, 
be organised to give a reasonably smooth demand curve. 

It is often argued that with plenty of steam consumers their random incidence 
will iron out any big peaks. This is only true if the number is enormous, if the 
transmission losses are high and if there is a good base load. Sooner or later 
all the plants will stop or start together. The greater the number of consumers 
the greater is the possible peak, but the less often is it likely to occur. 
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There are few factories that could operate on the tight programme shown in 
Fig. 252. There are several other ways of improving matters. If peaks are 
quite inevitable some simple signal system between the plant using steam and 
the boiler house by means of lights or an engine room telegraph (a very cheap, 
simple, reliable device which speaks many messages and which deserves ,much 
greater use than it gets) will do much to help. Where it is impossible to pro¬ 
gramme all the plant it will probably be possible to programme some. It is 
almost always possible to take some plant right out of the regular run of the 
factory and use it as a peak and valley leveller. Such a plant should if possible 
be put in charge of the boiler house and might well take the form of the provision 
of hot water. If the hot water tank is large, the heating of water can be stopped 
during peak demands and started again when the demand falls off. Much can 
often be done by steam accumulation or storage and these are dealt with in the 
next Chapter. 

433 . REDUCING SHORT-TERM PEAKS. Peaks that are measured in 
seconds present difficulties that are not associated with long-term peaks. By 
programming, organisation and signalling, it is possible to level peaks to a great 
extent if they are measured in minutes or hours. This is almost impossible with 
short term peaks measured in seconds. A system of signalling between the 
three winding engines in Fig. 242a might cut the big peaks, but at first sight 
it would also cut the number of winds. This might, however, not be so. The 
improvement in boiler performance might lead to such a steadying of the pressure 
that the number of winds might be increased due to faster winding. Again 
signals between the rolling mills might be possible, but output might suffer, and 
while steam heat might be saved, steel heat might be lost. On the other hand 
good steady steam pressure will reduce rolling time and save steel heat, with 
less risk of the engine stalling in the middle of a run. 

Peaks are sometimes produced by automatic controls of bad design, or 
even by hand controls of bad design. If the control valve is too big (see Section 
205) no automatic or manual control can work other than as an on-off control. 
This may result in a succession of peak demands on the boiler plant. 


While we should do all we can to cut out peaks this should not be done by 
putting brakes on production or by irksome restrictions. It must never be 
forgotten that the steam supply is a servant and must not be allowed to become 
the master. In order that the boiler house may remain a good servant its 
task should be made as easy as possible. We are probably compelled to accept 
and deal with the short-term peaks as best we can, but the long-term peaks 
can often be smoothed away. The cure may be technical or it may be purely 
managerial. The smoothing of peaks usually saves much fuel and generally 
improves output and quality of product. 
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CHAPTER 16 


HEAT STORAGE 

Laying up in store for themselves a good 
foundation against the time to come. 

X. TIMOTHY. VI. 19. A.D. 56. 

IN the last Chapter we have seen how peaks and valleys are bound to lower 
boiler efficiency and must therefore waste coal ; how they reduce the effective 
capacity of the boiler house ; how they may spoil the output product ; how 
they must make the process more difficult ; how they must slow down the 
process and therefore cause loss of output and higher costs ; how they cause 
direct waste of steam through safety valves. 

Peaks and valleys do not always occur on the high pressure line alone ; 
they often occur more severely on the low pressure main. Even if peaks can 
be cut out or diminished on the high pressure line they may be grievous on the 
low pressure main. Heat storage is often a cure ; it is always a palliative. 

434. TYPES OF HEAT STORAGE. The well known types of heat Storage 
are the regenerative and recuperative arrangements on furnaces. We are not 
concerned with these here. We are only concerned with the storage of steam 
heat. The principal method of storing steam heat is by transferring its heat to 
water. This can be done at variable temperature and constant volume, or at 
constant temperature and variable volume, or at variable temperature and 
volume. There is another method of storing steam heat and that is to store 
the actual steam. This calls for more bulky and expensive plant, entails bigger 
losses of heat, but has other definite advantages. This method has hitherto 
received comparatively little attention and may deserve much more. 

435. STORAGE CAPACITY OF THE BOILER. If we take a small 
Lancashire boiler, the water content is probably about 600 cu. ft. and the steam 
content is about 400 cu. ft. Let us consider such a boiler working at 150 psi 
and let us see what happens when the pressure is allowed to drop to 140 psi 
and to rise to 160 psi. 



Sensible 

Latent 

Water 

Steam 

Pressure 

Heat 

Heat 

Volume 

Volume 

psi. 

Btujlb, 

Btullb, 

cu./Lflb. 

cu.ft.jlb. 

140 

333*2 

862-5 

•0181 

2-93 

150 

338-6 

858-0 

•0182 

2 * 76 

160 

343-6 

853-9 

*0182 

2 *6 i 


If the water occupies 600 cu. ft. it will weigh 32,965 lb. at 150 psi. 

A reduction in pressure of 10 psi will reduce the sensible heat by 
338*6 — 333*2 = 5*4 Btu/lb. 

This will cause a flash of ^ ^ 32 ? 9^5 _ ^06 lb. of steam. 

862-5 

We have assumed that the steam space has a volume of 400 cu. ft. 
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The weight of the steam in the steam space at 150 psi is 145 lb. 

The weight of the steam in the steam space at 140 psi is 136-5 lb. 

Steam available due to expansion .. .. .. 8 * 5 lb. 

So we see that by allowing the pressure to drop by 10 psi we get 214*5 lb. 
of extra steam from a boiler that is probably producing 7,000 lb./hour, or 
117 lb./min. This extra 214-5 lb. represents almost 2 minutes’ steaming at 
normal full load. 

Working out the figures for a 10 psi rise in pressure we find that the boiler 
will absorb 201 lb. of steam, or one and three-quarter minutes’ steaming. 

A pressure variation of Jt: 10 psi^ if such a variation can be tolerated, will 
allow a Lancashire boiler to carry a 200 per cent, load for 2 minutes to meet a 
peak demand, or zero output for nearly 2 minutes to meet a valley. This 
shows us that shell boilers are ideally fitted to look after short sharp peaks 
provided some pressure drop can be allowed. If a pressure drop of 10 psi is 
more than can be permitted, we can get the same accommodation if we have 
more boilers working, but the boilers will of course be more lightly loaded. 

From the example just given we see that the steam volume has a very poor 
storage value compared with the water volume. In dropping from 150 psi 
to 140 psi the water provides 206 lb. of steam whereas the steam space only 
provides 8*5 lb. of steam. We get -343 Ib./cu. ft. from the water space, but 
we only get -021 Ib./cu. ft. from the steam space. Volume for volume water 
provides 16 times the steam storage as does steam space at the particular pressure 
considered. 

While the large water capacity of the Lancashire boiler is a great help in 
meeting short sharp peaks (although this may be accompanied by priming or 
carry-over), the Lancashire boiler is not quickly responsive to change of load. 
For meeting long-term peaks the water-tube boiler is much more suitable 
and should preferably be used on a peaky load where the peaks and valleys are 
long. 

436 . MANY PART- LOADED BOILERS V. FEW FULLY LOADED. 

From the point of view of storage, to meet fluctuating loads, the bigger the 
boiler capacity the better. From the combustion point of view, to meet 
fluctuating loads, the more lightly loaded the boilers, that is to say the more 
boilers there are on the range, the better, because a given load increase represents 
a smaller percentage capacity increase on many boilers than when shared by 
few. It would therefore seem obvious that it is much better to use a number of 
part-loaded boilers than a few lully loaded, whenever the load contains many 
short peaks. There are, however, many engineers whose object is to work as few 
boilers as possible in order to reduce the radiation losses. They hold the view 
that if three boilers can do the work of four, one quarter of the radiation losses 
will be saved. This, of course, is undeniable. The author believes that any 
small saving by reducing the number of boilers on the range is far outweighed 
by the decreased efficiency that is given by a boiler on full load compared to a 
boiler working on 2/3 to 3/4 load. He has never had experience of a boiler, 
water tube or shell that was not appreciably more efficient at 20 per cent, or 
30 per cent, below its rating than at full rated output. 
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The reason is not far to seek. If a boiler maker is asked to quote for a boiler 
of a certain output he will, in order to cut his price as much as possible, offer 
to supply the smallest boiler that he thinks will satisfy the customer, and it is 
quite possible that he is quite right from an economic point of view. It probably 
will not pay to buv extra boilers in order to get 4 per cent, extra efficiency, but 
if the boilers are already there, it will certainly pay to work them. 

Let us be thoroughly angel-treading and try to work out an example. 
Suppose a factory wants an output of 50,000 lb. of steam an hour, and suppose 
that Lancashire boilers can be bought for io.f. per lb./hr. Seven Lancashire 
boilers of 7,150 lb./hr. rating will supply the demand and will cost ^{^25,000. 
Suppose they have an efficiency of 70 per cent, they will burn about 6,250 lb. of 
coal/hour. Now suppose that 10 boilers are installed instead of 7, and that in 
consequence the efficiency rises to 74 per cent., the coal burnt will drop from 
6,2 jO to 5,91 o lb. /hr. On a 50 hour week this will amount to a saving of 380 tons 
of coal a year or, with coal at 505. a ton, to say ;;^950. The extra boilers will 
have cost some 3^10,725 and will therefore only bring in a return of 8 • 8 per cent. 
Such a return is of course inadequate to justify the installation. If however, the 
factory is working three shifts the return is 26 per cent., which can well be 
considered sufficient. If there are many sharp peaks to meet there is little doubt 
that it would pay well to instal the extra boilers and have them all on about 
two-thirds normal rating. 

If the boilers are already installed and only 7 out of 10 are at work we can 
save ;(^950 a year on one shift and a year on three shifts by putting them 

all to work apart from any saving gained by the extra ability to meet peaks. 

There is an exception to this argument that it pays to work boilers, if they 
exist, at three-quarters to two-thirds load, and this is the case of high pressure 
high-brow boilers, when they supply back pressure power plant. The 
auxiliaries of such boilers call for a truly fantastic amount of power. Where 
such boilers are installed in a factory, the reason for their installation is almost 
certainly because the steam/power ratio is already murky. It will in such cases 
almost always pay to work as few boilers as possible in order to cut down the 
auxiliary load. It is a case of balancing the extra boiler efficiency obtained on 
low rating (because the high-pressure high-brow boiler, just like its humble 
Lancashire half-brother, is over-rated by its maker for commercial reasons) 
against the steam that must be condensed or blown off in order to run the 
extravagant feed-pumps, fans and whatnot that each extra boiler calls for. 

In a power station the auxiliaries may take 4 per cent, or 5 per cent, of the 
power output. The plant may make i kWh from 8 lb. of steam. A similar 
industrial boiler feeding back pressure turbines may use 32 lb. steam per kWh 
yet will need the same auxiliaries which will now absorb 16 per cent, to 20 per 
cent, of the turbine output. This is a very important point that process factories 
sometimes overlook. A sacrifice of i per cent, or 2 per cent, in boiler efficiency 
may well yield 10 per cent, more net power. There is a process factory in 
England with a very beautiful high pressure boiler plant in which the boiler 
feed pump alone uses almost exactly 10 per cent, of the turbine output. 

437 . SAFETY VALVES. There is much more in a safety valve than meets 
the eye or strikes the ear. They can be and often are insidious, persistent steam 

418 



HEAT STORAGE 


§437-438 

wasters. Their peculiarities are discussed more fully in Chapter 19. They will 
only be considered here in so far as they can help or hinder the storage of steam 
or the ability of the boilers to meet peaks. 

A plain safety valve for a boiler working at 150 psi will probably require a 
range of 10 to 15 psi between tight shut and full open. If it is to be full open 
at 160 psi it will be breathing at 150 psi. The boiler house staff will become 
accustomed to running with breathing safety valves, because only thus are they 
sure that they have their boilers at full working pressure. If the safety valves 
are tight shut the boiler pressure is almost certainly low. So that plain safety 
valves have a demoralising effect and are chronic steam wasters. 

The quick-lift, full-bore or pop valve has a range of only 2 to 5 psi between 
tight shut and full open, they open with an ear-shattering roar and need only 
be set to lift when the pressure is 5 psi or so too high. Such valves do not— 
they cannot—^breathe. They give no comfortable insidious message about “ a 
good head of steam When they open they shout “ Hi ! I’m wasting steam.” 

There is another common and bad safety valve habit. Many boiler operators 
set one boiler to blow about 5 psi before the rest. The intention is good. It is 
to provide a warning before all the valves lift together. But sooner rather than 
later it is used to deliver the comfortable words “ Good head of steam ”. 

By careful choice of safety valve design and make, by setting all the valves 
so that they open as nearly simultaneously as possible, by arranging the setting 
as high as safety will permit, by ensuring that the vent pipe is not led outside 
where its message is barely audible, it may well be possible to get an extra 
working margin of 10 psi. This may easily be the equivalent of 2 minutes 
100 per cent, overload or of 2 minutes storage at zero output. 

Although it is recommended above that all safety valves be set to open 
simultaneously, this must not be misunderstood. It means all similar safety 
valves. A boiler fitted with a superheater and an economiser has a safety 
valve on the superheater outlet, one on the boiler drum or shell, and another 
on the economiser. Now these safety valves must be set to lift in that order. 
The superheater safety valve must lift first. Were the valve on the drum to lift 
first when the load dropped, the superheater might get overheated. Were the 
economiser safety valve to lift before the drum valve the boiler might be starved 
of water. 

All the superheater valves on all boilers should be set for one pressure. All 
the drum or shell valves set for a pressure slightly higher, and all the economiser 
valves set for a pressure appreciably higher. 

438 . STEAM ACCUMULATOR—RUTHS TYPE. The Ruths accumulator 
is shown in Fig. 253. It consists of a large steel cylindrical vessel nine-tenths 
filled with water. It is preferably arranged horizontallv so as to give the largest 
possible surface of water for the liberation, as flash, of the stored steam. 

One pipe A comes to the accumulator and steam either enters or leaves the 
accumulator‘through this one pipe. ^Vhen the output of steam and the con¬ 
sumption of steam arc equal there is of course no flow into or out of the accumu¬ 
lator. It would be silly to discharge and to charge the accumulator simultane¬ 
ously ; so that one pipe is all that is necessary. The control of the accumulator 
is done by the two valves B and G whose action will be described later. 
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When steam is passed into the accumulator by the control valve B it niust 
pass through the charging pipe D because the non-retum valve E closes against 
it. The ingoing steam opens the charging non-return valve F and enters the 
charging manifold G to which are attached a number of nozzles well submerged 
in the water. The nozzles H, although projecting downwards, blow upwards 
inside the convection pipes K. Fig. 214b shows an enlarged section of a nozzle. 
The nozzles encourage rapid circulation, ensure quick mixing of the water 
in the accumulator and make certain that the steam will condense quickly and 
quietly without rattles and bangs. 



IlG. 253. RUTHS STEAM ACCUMULATOR 


During charging the pressure rises in the accumulator, the water boiling 
point rises and so allows more steam to condense and more heat to be stored. 

When the control valve C calls for a steam discharge from the accumulator 
the pressure in the pipe A falls below the pressure in the body of the vessel. 
Non-return valve F closes which prevents water being discharged, and non¬ 
return valve E opens and allows steam to escape. The lowered pressure in the 
accumulator causes the surplus heat in the water to be given up as flash. The 
nozzle L is a restriction on the flow of steam which prevents the steam discharging 
at a dangerously fast rate which might cause priming or carry-over. At ordinary 
discharge rates, the nozzle being of Venturi shape causes very little pressure 
drop. Any other form of restriction to the flow would cause a considerable 
irrecoverable pressure drop at all rates of flow. 

439 . STORAGE CAPACITY OF RUTHS ACCUMULATOR. The amount 
of steam that hot water can give up as flash has been discussed in Sections 44, 
45 and 435. The water in an accumulator that is at work is always at the boiling 
temperature appropriate to the pressure in the vessel. This must be so, as 
were the water below boiling point the steam above it would condense until 
the vapour pressures had equalised ; were it hotter the surplus heat would 
cause a flash until the vapour pressures had similarly equalised. 

The capacity of an accumulator for a given pressure drop is much greater 
at low pressures than at high pressures. A few examples will confirm this. 
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We will take a series of 20 psi pressure drops and work out the effects. Suppose 
we have a small accumulator containing 100,000 lb. of water. We can extract 
the following from the saturated steam table :— 


Gauge 

Sensible 

Latent 

Total 

Pressure 

Heat 

Heat 

Heat 

0 psi 

180 *2 

970-6 

1150-8 

20 

227*5 

940-1 

1167-6 

40 

256-1 

920-4 

1176-5 

60 

277-1 

905-3 

1182-4 

80 

294-5 

892-7 

1187-2 

100 

309-0 

881-6 

1190-6 

Let us see how much 

saturated 

steam at 

20 psi.g. can be stored in 


100,000 lb. of water at 212° F. 

Let X = lb. of steam that can be stored 

Then (100,000 x 180*2) + {x x 1167*6) = (100,000 + x) 227*5 
18,020,000 + ii67*6jr = 22,750,000 + 227 *5^- 

X = 5,031 lb. of steam stored. 

Let us now see how much steam will be given up when the accumulator is 
discharged from 20 psi.g. to o psi.g. 

We have now 100,000 + 5031 = 105,031 lb. of water at 20 psi. 

When the pressure is reduced to o psi the surplus heat available for flash is 
227*5 ~~ i8o*2 — 47*3 Btu/lb. 

The total steam flashed will be =: 18 lb. steam at o psi. 

970*6 

Working out the other pressure intervals and starting with 100,000 lb. in 
water at the lower pressure boiling point we get :— 


Pressure 

lb. Steam 

lb. Steam 

Range 

Charged 

Discharged 

0 to 20 psi.g. 

5031 

5118 

20 to 40 

3 «o 7 

3137 

40 to 60 

2320 

2335 

60 to 80 

1949 

1959 

80 to 100 

1645 

1651 


It will be seen that we can take out rather more steam than we put in. 
This is because the total heat in saturated steam at one pressure is more than 
the total heat in the same weight of steam at a lower pressure (below 450 psi). 
Radiation loss from the accumulator, though very small—see Section 446— 
tends to cancel this because the heat loss results in condensation, and for practical 
purposes we can take output from an accumulator as being the same in weight 
as input subject to two considerations dealt with later. 




(66233) 


421 



§439'~440 THE EFFICIENT USE OF STEAM: CHAP. 16 

Fig. 254 shows the storage capacity of i cu. ft. of water over various pressure 
drops at various pressures. Table IV in the Appendix shows the storage capa¬ 
city in terms of per cent, of flash over a large range from 250 psi to 28 in. vacuum. 

When using Fig. 254 care must be taken to use the correct water density, 
if the figures are to be converted back to lb. water instead of cu. ft. 



— — . W V I 

LB OF STEAM AVAILABLE PER CUBIC FOOT OF WATER CAPACITY 

FIG. 254. STEAM STORAGE CAPACITY OF WATER 

For example, flash fiom 8o psi.g. to 20 psi.g. gives from Fig. 254, 4-0 lb. 
flash steam per cu. ft. of water. 

The volume of water at 80 psi.g. is found in the Steam Table to be 
•0177 cu. ft./lb. Therefore the weight of water in i cu. ft. is * 


. says that over a pressure drop from 80 psi.g. to 20 psi.g. the flash 

will be 7-13 per cent. Now 7-13 per cent, of 56 5 lb. is 4-03 lb., so that when 
correctly used Fig. 254 and Table IV agree. 

Had the water density at 20 psi been taken the water weight in i cu. ft. 
would have been ^ 58 • 5 lb. On this weight a 4 lb. flash only represents 

6-84 per cent. 

VERSUS GRADUAL FLASH. There is a 
definite difference between the flash from an accumulator from say 50 psi g 
to o psi.g. and the flash from condensate or blowdown from 50 psi.g. to o psi.g! 


= 56-5 lb. 
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In an accumulator, when the pressure drops, the flash steam is given off* 
gradually. It is not all given off at the low pressure. Let us see just what the 
difference is. We will take a single flash from 50 psi.g. to o psi.g., all the steam 
being flashed off at o psi. and an accumulator flashing in 5 psi steps from 50 psi.g. 
to o p^i.g. 


Weight of 
water at start 

Pressure 

drop 


Sensible heat 


Latent heat 
at lower 

Weight of 
flashed steam 

lb. 

psi,g. 

Upper 

Lower 

Difference 

pressure 

lb. 

1,000 

50— 0 

267-4 

i8o*2 

87*2 

970-6 

89*84 

1,000*000 

50-45 

267-4 

261*9 

5*5 

916*2 

6*003 

993*997 

45-40 

261 -9 

256*1 

5*8 

920*4 

6*264 

987*733 

40-35 

256-1 

249*8 

6*3 

924*9 

6*728 

981*005 

35-30 

249-8 

243*0 

6*8 

929*7 

7*175 

973-830 

30-25 

243-0 

235*8 

7*2 

934*8 

7*502 

966-328 

25 — 20 

235-8 

227*5 

8*3 

940*1 

8*532 

957-796 

20—15 

227-5 

218*4 

9*1 

948*0 

9*212 

948-584 

15-10 

218*4 

207*9 

10*5 

952*9 

10*452 

938-132 

10— 5 

207*9 

195*5 

12*4 

960*8 

12-107 

926-025 

5- 0 

195*5 

180 *2 

15*3 

970-6 

H-597 

88-572 


If the steam from the accumulator feeds a main at o psi.g. the steam emerging 
into the L.P. main will be wiredrawn and slightly superheated. The amount 
of energy liberated by the accumulator must be the same whether done in 
instalments or in one sudden drop. Therefore, if the 88*57 steam given 

off wiredrawn at o psi in instalments of 5 psi were desuperheated so that the 
whole output were saturated at o psi.g., the desuperheated steam would weigh 
89-84 lb. 

The difference between the gradual flash and the one step flash is 89*84 
— 88*57 = I '27 or 1*4 per cent. The calculation can be done as a straight 
single flash provided the loss of sensible heat of the water is less than 30 Btu/lb. 
If a single flash results in a greater sensible heat drop than 30 Btu, the calculation 
should be done by steps so that each step is below a 30 Btu drop of sensible heat. 
If this is done the error will never exceed I per cent. 

441 . WATER LEVEL VARIATIONS IN ACCUMULATOR. Now we have 
seen that when 5,000 lb. of steam is blown into 100,000 lb. of water the resulting 
105,000 lb. of water will give up about 5,100 lb. of lower pressure steam. Unless 
condensation due to heat loss is sufficient to make up for this larger discharge 
there will be a small water loss each time the accumulator is discharged. If 
the charging steam is superheated the amount of water lost at each discharge 
will be greater. Here are some examples. 

The amount of charging steam is found as in the previous section, where x 
is the weight of steam. 

Heat in original water + {x X Total heat in charging steam/lb.) = (x 
+ Original water) X Sensible heat at the charged pressure. 
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§441*^44^ 'THE EFFICIENT USE OF STEAM: CHAP. 1 6 


Pressure 

Charging 

Qjumtity 

Qjumtity 

Water Loss per 

Range 

Steam 

Put in 

Discharged 

Discharge 

psi.g. 

Superheat 

lb. 

lb. 

lb. 

per cent. 

0 to 20 to 0 

Sat. 

5031 

5118 

87 

•087 

0 to 20 to 0 

50° F. 

4897 

5112 

215 

•215 

0 to 20 to 0 

100° F. 

4777 

5106 

329 

•329 

0 to 20 to 0 

200*^ F. 

4572 

5098 

524 

•524 


If the steam that is charged into the accumulator is wet, the contrary effect 
takes place ; the water in the accumulator increases. We can find out the 
amount of the charging steam by the same method, except that the heat in 
the charging steam will be :— 

Sensible heat in charging steam + (Latent heat X dryness fraction). 
Working out some examples we get :— 


Pressure 

Range 

Charging 

Quantity 

Quantity 

Water gain or 

Steam 

Put in 

Discharged 

loss per 

Wetness 

lb. 

lb. 

Discharge 

0 to 20 to 0 

Dry 
per cent. 

5031 

5118 

87 loss 

0 to 20 to 0 

5 wet 

5298 

5131 

165 gain 

0 to 20 to 0 

JO wet 

5590 

5146 

444 gain 

0 to 20 to 0 

15 wet 

5919 

5162 

757 gain 

0 to 20 to 0 

20 wet 

6289 

5180 

1109 gain 


As the conditions must vary and as the quality of the steam may not be 
known, it is necessary to keep an eye on the accumulator water gauge and to 
make provision for blowing down excess water or for feeding in any lost water 
needed to maintain the level. When appreciable water has to be blown down, 
as happens in some accumulator applications, as will be seen later, provision 
should be made for collecting any flash and for collecting the water, which is 
clean pure condensate. 


442 . RATE OF DISCHARGE FROM ACCUMULATORS. The rate at 
which an accumulator can be allowed to discharge is limited by the rate at 
which ebullition can take place at the liquid surface without the entrainment of 
water droplets. Fig. 255 shows the maximum rate of discharge recommended 
by the makers of the Ruths accumulator, based on their wide experience. 
This is a straight line, which, if continued to the left, would cut the pressure 
ordinate at approximately zero pressure absolute. If we take points on the 
curve we get the following :— 

18 psi.g. or 33 psi.a. the permissible rate of 

discharge is .100 Ib./sq. ft./hr. 

52 psi.g. or 67 psi.a. the permissible rate of 

discharge is .200 Ib./sq. ft./hr. 

86 psi.g. or 101 psi.a. the permissible rate of 

discharge is .300 Ib./sq. ft./hr. 


424 



HEAT STORAGE § 442'-'443 

Qjlite obviously a simple rule that is quite near enough for all practical 
purposes is 

Max. rate of discharge in Ib./sq. ft./hour = 3 x psi.a. 

This is a very easy figure to carry in the head. Let us see whether this 
discharge limitation imposes serious difficulties on design. 



RELEASED PER SaFT SURFACE OF FLASHING WATER 

FIG. 255. PERMISSIBLE RATE OF FLASH WITHOUT ENTRAINMENT 
FROM A WATER SURFACE 


443 . DESIGN OF RUTHS TYPE ACCUMULATORS. In the two previous 
Sections we have been considering a small accumulator containing 100,000 lb. 
of water and capable of storing some 5,000 lb. of steam between 20 and o psi.g. 
Tables LX, LXI and Fig. 256 will help us to look at the problems, which are 
very simple. We will look upon the accumulator as being a plain cylinder. 
(In practice the ends are almost always hemispherical. The correction for this 
can be made afterwards. The volume of a sphere is equal to that of the same 
diametered cylinder 2/3 of a diameter in length). 

Table LXI and Fig. 256 tell us that if the accumulator is 90 per cent, full, 
the water will stand 84 per cent, up the vessel and the water surface will be 
73 per cent, of the surface at the diameter. 

Using Fig. 256, we know the vessel is 90 per cent, full, therefore we start at 
A where 90 per cent, of the capacity is the liquid volume. We run vertically 
up the 90 per cent, line until it cuts the volume curve at B. This shows that the 
depth of the liquid will be 84 per cent, up the vessel. The 84 per cent, depth 
line cuts the liquid surface curve at G showing the surface to be 73 per cent, of 
that at the diameter. 

Table LX tells us that a vessel 10 feet in diameter contains 489*2 gallons 
per foot of length. As the accumulator will be only 90 per cent, full the capacity 
will be 440 gallons per foot. 
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TABLE LX. CAPACITY OF CYLINDRICAL TANKS OF VARIOUS DIAMETERS 

Gallons per Foot of Length. 
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§443 


We should therefore need a vessel = 22-72 feet long. 

440 

The liquid surface will be 73 per cent, of 22-72 X 10 = 165-9 sq. ft. 



VOLUME Vo OF CAPACITY 
SURFACE Vo OF DIAMETER 

FIG. 256. CAPACITY AND LIQUID SURFACE OF 
PARTLY FILLED HORIZONTAL CYLINDRICAL TANKS 


255 tells US that at atmospheric pressure the water surface can be 
allowed to flash off 50 Ib./sq. ft./hour. So that the discharge rate of our pro¬ 
posed accumulator will be 50 X 165-9 = 8,295 lb./hour. 

If we wish to use the full capacity, 5,000 lb., of this accumulator we can 
only allow it to discharge its 5,000 lb. over a period of 36 minutes. Clearly 
such an accumulator will be of little use for dealing with short-term peaks. 
It would however be very useful for storing steam in the morning for use in the 
afternoon. 
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§443 

Let us try a longer, smaller diameter vessel. If it is 7 ft. 6 in. in diameter, 
Table LX tells us that each foot will hold 275 • 2 gallons. 90 per cent, of 275 • 2 

is 247 * 7. Its length will therefore be = 40.4. feet. 

247 ’ 7 

The liquid surface will be 73 per cent, of 40-4 X 7*5 = 221 -2 sq. ft. 

The safe discharge rate will be 50 X 221 *2 = 11,060 lb./hour. 

Such a vessel will have a minimum discharge time of 27 minutes for 5,000 lb. 
of steam. This docs not show a very greatly improved discharge rate over the 
10 ft. vessel. 


TABLE LXI. LIQUID SURFACE AND CONTENTS OF 
HORIZONTAL CYLINDRICAL TANKS 


PER CENT. DEPTH 

CONTENTS PER CENT. 
OF VOLUME 

SURFACE PER CENT. 

OF CROSS SECTION 

5 

1-87 

43*7 

10 

5*20 1 

59*9 

15 

9*41 

71*2 

20 

14*23 

80-0 

25 

19-55 

86*7 

30 

25*23 

91*6 

35 

31*19 

95*4 

40 

37-36 

98*1 

45 

43*64 

99*6 

50 

50*00 

100*0 

55 

56*36 

99*6 

60 

62*64 

98-1 

65 

68*81 

95*4 

70 

74*77 

1 91*6 

75 

80*45 

86*7 

80 

85*77 

80*0 

85 

90*59 

1 71*2 

90 

94*80 

59*9 

95 

98*13 

I 43*7 

100 

100*00 

0 


Before discussing how this difficulty can be overcome, let us look for a 
moment at higher pressure conditions. 

Let us take an accumulator working between 40 and 20 psi.g. In Section 439 
we saw that the storage within this range was 3,100 lb. in 10,000 gallons. 

The permissible rate of discharge at 20' psi is 

(20 + 15) 3 X 165*9 = 175420 Ib./hr. if the vessel is 10 ft. X 22*72 ft. 

This gives a discharge time of ii minutes for 3,100 lb. 

If the dimensions are suitably increased to provide storage for 5,000 lb. the 
discharge time will be about 18 minutes. By making the accumulator long and 
thin the discharge rate can be increased to about 12 minutes—quite a useful 
increase. 
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If wc work out conditions for higher pressures^ wc find that the higher the 
pressure the quicker can be the discharge. So it is only at low pressures that 
the limitation due to insurance against carry-over is really irksome. 

The reason for keeping the discharge rate low is twofold. At high pressures 
carry-over might cause a water hammer which would be more dangerous than 
at low pressure. The high pressure accumulator is very costly, and the smaller 
it can be made the cheaper it will be. It is therefore filled as full as possible so as 
to increase its capacity compared to its volume. If the water level is lowered 
the accumulator must be bigger for a given water content; this raises its cost. 
The larger a vessel is for a particular pressure the thicker must be the plates, 
which again raises the cost. 

At low pressures the plates can be quite thin, and a large increase in volume 
can be obtained relatively cheaply. For low pressure working therefore accumu¬ 
lators are made larger and are not filled so full. An accumulator of fair diameter 
filled just over half can be discharged at twice the rate of a normal go per cent, 
filled accumulator. 

Suppose we make the accumulator 12 feet in diameter and that we fill it 
60 per cent, in depth. Table LXI tells us that at 60 per cent, full it will contain 
62*64 of its volume. Table LX tells us that the content will be 694*5 gallons 
per foot length. Its accumulator capacity will be 694 * 5 X * 6264 = 435 gallons 
per foot. To hold 10,000 gallons will call for a length of 23 ft. The surface, 
from Table LXI, will be 23 ft. X 12 X *981 = 271 sq. ft. If we wish to dis¬ 
charge 5,000 lb. each sq. ft. will have to evolve 18*5 lb. If the permissible 
rate is now double, or 100 Ib./sq. ft./hr. we can get full discharge in just over 
11 minutes. It only needs a relatively small increase in dimensions to get any 
rate that is within reasonable bounds. 

The Ruths type of accumulator is seldom used at very low pressures round 
about atmospheric, but it has been shown that the design of such accumulators 
presents no difficulty if the level is lowered and the discharge rate increased. 
Above about 20 psi the psi.a. X 3 rule gives an accumulator that is quite 
reasonable in size and shape for most ordinary discharge rates and capacities 
even if it is 90 per cent, full of water. 


444 . CONTROL OF RUTHS TYPE ACCUMULATOR. The Ruths 
accumulator is a cushion between the steam producer and the steam user, 
generally between the boilers and a process load. It is possible to use a Ruths 
accumulator for dealing with peak power loads, but a considerable forfeit has 
to be paid in the form of pressure drop from which no power is got. The 
chief application for an accumulator of this type is for buffering the peaks that 
arise from low or medium pressure processes. 

The boilers can be fired at a steady average rate. While the process demand 
is at the steady average, the boilers feed the process in a straightforward way. 
If part of the process plant is suddenly shut down the boilers continue to 
produce steam at the average rate and the excess steam charges the accumulator. 
When the process makes a sudden call for steam the accumulator discharges 
with the boilers still working steadily. 
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§444 the efficient use of steam: chap. i (5 

Fig. J257a shows a simple back pressure plant where the boilers supply an 
engine with steam at 150 psi. The engine exhausts at 25 psi into the process 
main. When the process calls for more steam than can be supplied by the engine 
exhaust the shortage is made up through the reducing valve. When the process 
takes less steam than is being exhausted by the engine the surplus blows away 
through the safety valve on the 25 psi main. If the engine is on a fairly steady 
load and the process demand fluctuates all the peaks and valleys must be taken 
by the boilers and there will be considerable pressure variations on the 150 psi 
main. This has a bad effect on the engine performance, is very bad for good 
boiler operation and wastes steam. The dotted line shows the pressure impulse 
that actuates the reducing valve. 

Fig* 257b shows an accumulator fitted between the 150 psi main and the 
25 psi main. The boilers can now be fired at a steady rate, the engine gets 
a steady pressure, any sudden demand is met by the accumulator and any excess 
boiler production charges the accumulator. When the boiler pressure rises 
to or above normal the surplus valve S opens, under impulse from the 150 psi 
main. The reducing valve, R, impulsed from the 25 psi main demands steam 
from the accumulator main whenever the 25 psi pressure drops. 

This system clearly has limitations. The 25 psi main might call for steam 
when little was being surplussed and when the accumulator was empty. There 
would then be a shortage of steam for the process and the fireman would not 
be aware of the situation. There must be some way of communicating the 
process demand to the high pressure main. The way this is done is shown in 
Fig. 257c. Another reducing valve is fitted between the high pressure main and 
the accumulator line. This valve is impulsed from the accumulator main. 
This system meets all the requirements. 

Now, as the process pressure is considerably lower than the boiler pressure, 
there may be no need to use the full pressure drop over the accumulator which 
could then be made more cheaply to stand a somewhat lower pressure. Suppose 
we say that the accumulator is to work between 100 psi and 25 psi. From 
Table IV we see that the flash from 150 to 25 psi is 11 - o per cent, while from 
100 to 25 psi the flash is only 7*83 per cent. This is a reduction in storage 
capacity of 29 per cent. It may be that a somewhat larger accumulator at the 
lower pressure will be cheaper than the high pressure smaller vessel, or it may 
be that the smaller capacity may prove adequate. Assuming that the lower 
pressure is decided on—this arrangement is quite common in practice—what 
difference must be made to the controls ? 

The accumulator must be protected from the boiler pressure otherwise as 
soon as its pressure was up to 100 psi its safety valve would blow. A master 
valve is, therefore, fitted between the accumulator supply valves and the accumu¬ 
lator line. This valve is impulsed by the accumulator pressure and closes as 
soon as the accumulator is full, that is as soon as its pressure reaches 100 psi. 
The arrangement is shown in Fig. 257d. The reducing valve Rj ensures that 
the low pressure main is supplied with steam. The reducing valve Rg transmits 
the request for process steam to the boilers when the accumulator is empty 
and the surplus valve is shut. The surplus valve allows the boilers to generate 
steam when the demand is small and the surplus is then stored in the accumu¬ 
lator. The master valve protects the accumulator from excessive pressure and 
prevents steam being wasted by the accumulator safety valve. 
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In practice the three valves that control the steam into the accumulator 
are all combined into one valve that receives and acts on the three impulses. 
This is shown in Fig. 2570. The impulses are shown in the diagrams as dotted 
lines. The action of this valve is described in Chapter 19. 






FIG. 257. DEVELOPMENT OF THE CONTROL OF A RUTHS ACCUMULATOR 










§445*^44^ THE EFFICIENT USE OF STEAM: GHAF. l6 

445. BOILER FIRING GAUGE. Attached to the accumuiator is a pressure 
pipe leading to a special pressure gauge fitted in some prominent position on 
the boiler firing floor. The essence of the accumulator is that it permits the 
boilers to operate at continuous load. This continuous load should be the aver¬ 
age load. But the average load will vary not only from day to day but to some 
extent throughout the day. There must be some method of informing the boiler 
house whether the average load is being met. This special pressure gauge 
delivers this message. We will assume that the accumulator is arranged to work 
over the whole range between boiler pressure and process pressure as in Fig. 257c. 
The accumulator firing gauge will then look like Fig. 258. This gauge shows 



FIG. 258. RUTHS BOILER FIRING GAUGE 

the pressure inside the accumulator. If the accumulator pressure gets very low 
the fireman is instructed to increase his rate of firing. If the accumulator pressure 
then rises he maintains the new rate of firing throughout all the accumulator 
pressure variations between 40 psi and 120 psi. He will probably take no 
notice of the first instruction to increase his firing rate, but if the gauge persis¬ 
tently gives an “increase” message he will make the change. Similarly a 
persistent call to reduce his firing rate will be obeyed and a drop in accumulator 
pressure will be ignored until the gauge persistently urges him to produce more 
steam again. By means of this gauge he is enabled to adjust the average rate of 
firing to suit the true temporary average demand and the accumulator is 
enabled to perform its full function of levelling out the peaks and valleys. 

446. LOSS OF HEAT FROM ACCUMULATORS. An accumulator is 
usually very well lagged with 4 in. or 5 in. of first class lagging. It then loses 
heat very slowly. Fig. 259 shows the loss of heat shown by a test taken on the 
accumulator in the author’s factory in 1933 over a period of eight days during 
which no steam was taken from or put into the accumulator. It shows that the 
heat loss was such that the pressure dropped by 10 psi per day. The heat loss 
amounts to the remarkably low figure of • 175 Btu/sq. ft./® F./hr. Normally, of 
course, the accumulator is only intended to store steam for a few hours at most, 
but Fig. 259 shows how useful it can be over extended periods. 

In a sugar refinery, for instance, at the shut-down on Saturday the power 
load persists for several hours longer than the process steam load. It is very 
convenient to be able to store the resulting exhaust steam that would otherwise 
have to be wasted. After a few weeks practice the boiler house staff* arc able 
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to arrange things so that the accumulator is empty just before the shut-down 
starts. Steam is then available over the week-end for the canteen, etc., and for 
helping to warm up the factory on Sunday night. 

♦ Sic « 

Before discussing the applications of the Ruths accumulator we will look 
at the other types of jaccumulator. We can then see how each type has its 
own peculiar qualities making it particularly suitable for the various situations 
which can arise in different plants. 



I 2 3 4 6 6 7 8 

CAYS 

FIG. 259. HEAT LOSS FROM ACCUMULATOR OVER EIGHT AND A HALF DAYS 

447 . EXHAUST ACCUMULATORS—RATEAU TYPE. The Rateau 
accumulator was the first accumulator to be made and used. It works on 
exactly the same principle as the Ruths accumulator but it operates over a 
much smaller pressure range and the control is very much simpler—in fact 
there are virtually no controls. 

A Ruths accumulator is generally used to smooth fairly long-term demand 
peaks. A Rateau accumulator is fitted to absorb very short sharp supply peaks. 
The qualities that are essential for a Rateau exhaust accumulator are that it 
must be able to absorb and condense very sudden very large short puffs of 
steam, that it must then discharge the stored steam evenly and relatively slowly 
and that it must offer the smallest possible resistance to the steam flow and must 
operate over the smallest possible pressure drop. 

To absorb steam quickly there must be a great number of nozzles and the 
water circulation must be very quick, certain and complete. To discharge 
evenly and quickly is easy, but as such an accumulator is concerned with minutes 
and seconds, not with hours, the water surface must be particularly large. 
To minimise pressure drop the nozzles should project as little as possible below 
the surface, but unless there is a definite submergence and very good circulation 
the steam will break the surface and only the top layer of water will be hot and 
will act as accumulating medium. 
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448 . TYPES OF EXHAUST LOAD TO BE STORED. Fig. 260 shows the 
exhaust steam produced by a winding engine operating at 40 winds per hour. 
During the first 6 to 8 seconds acceleration takes place at full admission. The 
cut-off is then set at about 30 per cent, and the wind is finished after 30 seconds. 
The engine is then stopped for one minute. 



FIG. 260. STORAGE OF WINDING ENGINE EXHAUST 


The exhaust steam is used in an exhaust turbine on a steady load. The 
steam used per wind is about 650 lb. spread over 30 seconds, of which about 
300 lb. is exhausted in the first 8 seconds. The average steam consumption is 
650 X 40 = 26,000 lb./hour, or about 220 lb. per half minute which is the 
steaming period of each wind. The surplus steam that must be stored during 
the steaming of the engine is 650 — 220 == 430 lb. This steam must be stored 
in 30 seconds and given up during the following 60 seconds. So that the rate 
of charging must be double the rate of discharge. 

The discharge rate when the engine is stopped is 26,000 lb./hour, so that, 
with an emission rate of 100 Ib./sq. ft./hr. the water surface must be 260 sq. ft. 
or say 300 to provide an ample margin. If the accumulator is about half full its 
dimensions must be about 10 ft. x 30 ft. 

If the accumulator is 10 ft. X 30 ft. and is to be 60 per cent, full, it will have 
a water content (see Table LX) of 489*2 X *6 x 30 = 8,806 gallons or 
88,060 lb. We have to store 430 lb. of steam or *49 per cent, of the water 
content. Table IV shows that a pressure drop from i • 5 psi.g. to atmospheric 
pressure will just cover this theoretically. But things are not quite as good as 
this. We must allow for some small pressure and temperature drop to ensure 
quick condensation—say *5 psi. There is also the hydrostatic head due to the 
submergence of the nozzles. If they are just over one foot submerged this 
adds another *5 psi. 

So that we can say that a 10 ft. x 30 ft. accumulator will store the exhaust 
from the winder with an output pressure of o psi.g. and an input pressure or 
engine exhaust back pressure of 2 * 5 psi.g. 

Rolling mill engines and hammers present similar but more irregular 
characteristics. 


434 




HEAT STORAGE 


§449-45^ 

449. WATER LEVEL IN EXHAUST ACCUMULATORS. In Section 441 
it has been explained that if dry saturated steam is charged into an accumulator 
each cycle of charge and discharge will cause a slight loss of water. If, however, 
wet steam is blown in, the wetness adds itself to the water in the accumulator, 
and, as the water loss with saturated steam is largely balanced by heat loss 
condensation, the water level will rise by the exact amount of the wetness. 

An exhaust accumulator is almost always used to store the exhaust from 
reciprocating engines and such exhaust is almost always wet, sometimes very 
wet indeed. Provision must be made to draw the water off and is easily done by 
means of a weir and an ordinary trap. 

If the exhaust steam is superheated, a possibility, but unlikely, the accumu¬ 
lator will lose water and provision must be made for pumping water in. This 
can readily be done by a connection from the boiler feed pump and can be 
self-adjusting by means of a float valve or its equivalent or can be done regularly 
by hand to a mark on the water gauge glass. 

450. EFFECT OF OIL. The exhaust steam from a reciprocating engine may 
contain oil. It will certainly contain oil if the steam was superheated. However 
hard we try to separate the oil from the exhaust steam there will always be a 
gradual accumulation of oil on the surface of the water. The rupturing of this 
oil film, or oil layer as it may well become, offers a serious resistance to the 
flashing steam when the accumulator is discharging. Quite a thin layer of oil 
may easily double the pressure drop needed to release a given amount of steam. 
Any increase in pressure drop is so much dead loss of power available from the 
exhaust turbine. Every possible effort must therefore be taken to keep the 
water surface as free from oil as possible. 

Exhaust steam from a lubricated reciprocating engine should always pass 
through an oil separator before entering an accumulator. 

Oil removal is done by means of skimming devices, a plain weir being 
effective provided there is a current on the surface of the water towards the 
weir. I’his is often secured by designing the nozzles to induce the circulation 
currents at the surface to travel towards the weir. A trap on the overflow side 
of the weir will generally discharge the oil together with the surplus water. 

If the accumulator is taking superheated steam and has in consequence to be 
fed with water to maintain the working level, or if the steam is saturated or only 
slightly wet so that no water would normally be added, it is necessary to add 
surplus water to float the oil off the surface. 

451. DESIGN OF EXHAUST ACCUMULATORS. The exhaust accumu¬ 
lator is just the same basically as the Ruths accumulator, except that it is a 
cheap thin-shelled vessel and requires as a rule no controls. The most important 
part is the nozzle arrangement because the first essential of an exhaust accumu¬ 
lator is to absorb instantly and completely sudden and heav\^ exhaust puffs. 

Fig. 261 shows a design of Ratcau accumulator. The nozzles, one of which 
is shown enlarged in Fig. 261b, are somewhat similar to the Ruths nozzles but 
the actual steam discharge openings are narrow slits so as to break the steam 
up into the smallest possible streams. The convection tubes surrounding the 
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nozzles arc closed at their tops and provided with side openings, all the openings 
pointing one way so as to induce a water flow at the surface towards the oil 
skimming weir at the right hand end of the accumulator. The actual steam 
opening of the nozzles are about 9 in. below the water surface giving an hydro¬ 
static head of only J psi. 




FIG. 261. RATEAU EXHAUST ACCUMULATOR 


A valve A, either a piston operated butterfly valve or a simple flap valve as 
shown, is usually fitted so that all the exhaust steam does not pass through the 
accumulator. This opens when the exhaust turbine demand is heavy% and 
closes when the demand falls off, thus forcing the steam to go through the 
nozzles. 

To drain away the water due to the wetness of the steam a weir is fitted at 
one end and a trap discharges the excess water together with the oil. 



FIG. 262. TANGENTIAL INJECTION EXHAUST ACCUMULATOR 


Fig. 262 shows another design in which the nozzles are put at one side of 
the accumulator and point downwards. They are only about 4 in. below the 
surface. To prevent steam breaking the surface they rely on putting the whole 
water contents into rapid rotational circulation. The nozzles are just plain 
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lengths of i in. pipe. In an accumulator such as was discussed in Section 447, 
10 ft. X 30 ft. and storing 430 lb. in 30 seconds, there would have to be nearly 
400 such nozzles. 

Fig. 263 shows a circular accumulator made of reinforced concrete. Such 
accumulators need very little maintenance and can be made very large cheaply, 
while their construction does not encourage heat loss. This type of accumulator 
does not lend itself to easy oil skimming. 

452 . EXHAUST ACCUMULATORS BELOW ATMQSPHERIC PRES¬ 
SURE. There is no reason whatsoever why an exhaust accumulator should 
not work under vacuum. The construction of the accumulator is identical 
with that of an accumulator working at above atmospheric pressure except 
that the shell must be a little stiffer to resist collapse. The water cannot rise 
in the steam pipes because there will be no more pressure drop than with a 
pressure accumulator, and it is pressure drop that causes water to stand up 
the pipes. 

Air will of course tend to leak in, but a little air leakage does not matter very 
much as it will be carried out with the steam and removed by the vacuum 
pump attached to the condenser of the exhaust turbine. 



453 . FEED WATER ACCUMULATORS. The Rateau accumulator is 
designed to absorb the exhaust from an intermittently running engine. It does 
nothing towards smoothing out the sudden demand for steam from the boilers 
except that, in conjunction with a mixed pressure turbine it lessens the live 
steam demand on the boilers. We have seen in Section 435 that an 
ncreased water capacity in the boilers goes a very long way towards meeting 
sudden sharp demands. We have also seen that by having an ample boiler 
capacity the boiler house is in a better position to meet sudden draws. During 
a peak demand everything possible should be done to help the boiler and to 
relieve its load. Similarly, extra load should, if possible, be found for it during 
the valley periods. This is what the feed water accumulators try to do. When 
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the plant is lightly loaded xced water is heated to boiling point and stored. 
When the peak comes along feed heating stops and the large body of hot feed 
can also act as a straight accumulator and give up steam by flash. 

There are two kinds of feed water accumulator, the constant temperature 
varying volume type, and the varying temperature constant volume type. 
Both work at constant or virtually constant pressure. In the constant tempera¬ 
ture or Kiesselbach design water is fed into the system in inverse proportion to 
the load. Actually it is done by feeding in direct proportion to the boiler 
pressure. During times of light load the accumulator fills up with water at 
boiling temperature. When the peak demand develops the feed is shut off and 
the boiler draws from the accumulator. 

In the constant volume or Marguerre design the accumulator is made so 
that the hot water can collect at the top without mixing with cool water at the 
bottom. The accumulator is kept always full. During times of light load the 
incoming feed and cool water from the bottom of the vessel is healed and put 
into the top of the accumulator. During periods of peak the cool incoming 
feed is passed cool into the bottom of the accumulator. The Kiesselbach 
design is more suitable for short sharp demands, because it lends itself to acting 
as a flash vessel. The Marguerre is more suitable for long-term peaks and has 
the advantage that there are not such wide fluctuations in the feed water demand, 
thereby helping the water treatment plant. Both these accumulators arc essen¬ 
tially aids to the boiler rather than aids to the process, though of course good 
boiler work makes for good process work. Feed water accumulators operate 
by changes in the boiler pressure, but are arranged so that these boiler pressure 
fluctuations are very small, while the introduction of the accumulator reduces 
the pressure fluctuations still more. They arc therefore the ideal type of 
accumulator for use with power plant as distinct from process plant. 

454 . THE KIESSELBACH ACCUMULATOR. Fig. 264 shows the Kiessel¬ 
bach constant temperature variable volume accumulator applied to an 
installation of small water tube boilers. The feed pump feeds the boiler through 
the automatic feed regulator. This regulator is impulsed from the boiler steam 
pressure. When the pressure drops slightly the feed is reduced, and if the pressure 
drops further the feed is cut off altogether. When the pressure rises the regulator 
opens until at a few psi above normal boiler pressure the regulator is full open. 
Over the pressure range which it is desired to maintain, say 195 to 203 psi, the 
feed varies directly with the pressure. 

Circulating pipes arc fitted at either end of the boiler drums at the water 
level. These circulating pipes lead to the accumulator and from the circulating 
pump. The circulating pump draws water from the accumulator and pumps 
it into the boiler ; the surplus water above normal water level runs out of pipe B 
by gravity back to the accumulator. Pressure is equalised between the boiler 
and the accumulator by means of the balance pipe A. The water in the 
accumulator is thus always maintained at boiling temperature. When the 
boiler is evaporating less water than the feed, that is when the load is light and 
the pressure is high, the accumulator fills up. When the boiler is called upon 
for extra steam, the pressure drops slightly, the feed stops and the water level 
in the accumulator drops. At the same time the reduction in pressure on the 
accumulator water causes a flash of steam from the accumulator water. 
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The regulator must be a high grade machine. It must respond to very 
small pressure changes and work smoothly. The control of the accumulator 
depends entirely on the regulator and on the rate of firing. The rate of firing 
can remain constant provided the water is always in the middle gauge glass 
on the accumulator. If the water level falls persistently into the lower glass 
the rate of firing should be increased. If the water level is persistently rising 
into the top glass it is an indication that the rate of firing should be reduced. 


STEAM MAIN 



FIG. 264. KIESSELBACH FEED WATER ACCUMULATOR 


455 . THE MARGUERRE ACCUMULATOR. The Marguerre accumulator 
works, like the Kiesselbach, at virtually constant pressure, but the temperature 
of the water in the accumulator varies and there is always a constant quantity 
of water in the accumulator. 

Fig. 265 shows the Marguerre accumulator and its application to a small 
water-tube boiler. The accumulator consists of a large vertical cylinder at 
boiler pressure. It is kept full by the primary feed pump whose output is 
controlled by the regulator A shown diagrammatically as being impulsed by a 
ball float in the top of the accumulator. The boiler draws its feed from the 
top of the accumulator by means of the secondary feed pump controlled either 
by hand or by the boiler feed water regulator B. The circulating pump draws 
water cither direct from the discharge of the primary feed pump or from the 
bottom of the accumulator or from both and sprays it into the top of the 
accumulator. The output of the circulating pump is controlled by the regulator 
C impulsed by the boiler pressure. 

When the boiler pressure rises the regulator G opens, more water is sprayed 
into the steam space of the accumulator ; this condenses more boiler steam, 
absorbs the extra output of the boiler and heats the feed water in the accumu¬ 
lator. When the steam demand is low and the regulator is well open the circu¬ 
lating pump will take not only the output of the primary feed pump but will 
draw cool water from the bottom of the accumulator. If the steam demand 
drops to such an extent that the primary feed regulator A closes, the circulating 
pump will draw the whole of its requirements, which will now be a maximum, 
from the bottom of the accumulator. 
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If the steam demand rises the accumulator regulator C closes, consequently 
little cool feed is sprayed into the accumulator and little live steam is condensed 
for feed heating. When the steam demand is so great that the lowered boiler 
pressure completely closes the regulator C no water will be circulated, no 
steam will be condensed in the accumulator, all the steam will be available to 
meet the demand and the primary feed will go into the bottom of the accumu¬ 
lator pushing the hot water upwards. Tf the steam demand is extra heavy 
surface flashing will take place in the accumulator and add to the supply of 
steam. 



FIG. 265. MARGUERRE FEED WATER ACCUMULATOR 


The boiler firing rate is controlled by the temperature level of the hot 
water in the accumulator. 

The accumulator is arranged vertically so that the feed water can remain 
in layers at different temperatures, the heated feed at the top, from which the 
secondary feed pump draws its supply ; the unheated feed water in the bottom 
of the accumulator. One of the advantages of the Marguerre accumulator 
is that it is much easier to find space in an existing works for a vertical than for 
a horizontal vessel. 

456 . LIMITATIONS IN THE APPLICATION OF FEED WATER 
ACCUMULATORS. Clearly accumulators of this type will be smaller and 
more ‘‘ efficient ” in a boiler plant where the feed water enters the boilers 
relatively cool. The arrangement can hardly be called efficient from a thermo¬ 
dynamical point of view, because all the feed heating is done by live steam at 
boiler pressure. Except in very advanced plants fitted with steaming econo¬ 
misers there is always a part of the feed heating done by means of boiler steam 
or its equivalent. The less the temperature difference between the feed water 
and the boiler water the less application is there for a feed water accumulator, 
or the larger must such an accumulator be, unless the feed is heated by turbine 
bleeds—this point is dealt with in a minute. Where an economiser brings the 
feed up to nearly boiler temperature there is little scope for a feed water 
accumulator. As the feed water accumulator is essentially a plant which is 
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very suitable for smoothing the peaks out of a power plant and as power plant 
is generally supplied with well heated feed water, we must sec what can be 
done to enable this excellent plant to be used. 

457 . FEED WATER ACCUMULATORS AND ECONOMISERS. Fig. 266 
shows the method that can be used if the boiler is fitted with economisers. The 
faster the boiler is steaming the more necessary is it to ensure a good flow 
through the economiser. The water therefore is pumped by the primary feed 
pump through the economiser before going either into the top or the bottom of 
the feed water accumulator. If the economiser puts much heat into the water, 
this makes the effective storage capacity of the accumulator much less until, 
with steaming economisers, which can bring the temperature right up to boiler 
temperature, there is no scope for a Marguerre accumulator at all. In such 
cases the accumulator must take the Kiesselbach form, but even then it becomes 
simply a flash vessel which merely increases the water capacity of the boiler. 
It does not really accumulate heat at slack periods for use during peaks. This 
does not mean that it does not have good uses. Increasing the water capacity 
of a boiler is one of the best ways of dealing with peaks especially those that are 
very short and sharp as has been discussed in Section 435. 



FIG. 266. MARGUERRE ACCUMULATOR WITH ECONOMISER 

458 . FEED WATER ACCUMULATORS AND BLEED HEATERS. In the 
case of power plant that is subject to peaks and which has feed water heating by 
turbine bleeds there is an excellent application for feed water accumulators. 
Not only is the task of the boiler made more easy but the generating capacity 
of the turbine can be increased. 

Fig. 267 shows the application of a Marguerre accumulator to a system with 
three regenerative bleeds. It is not necessarily a Marguerre job ; the Kiessel¬ 
bach type may be equally, possibly more suitable in some cases. The bulk 
of the feed heating is done by the bleed heaters, only the topping up of tempera¬ 
ture being done by the economiser. No live steam is used for feed heating. The 
steam pressure in the accumulator is that of the first bleed. The regulator C 
works as in Fig. 265 but it has a double effect. When the load is light a lot of 
water is circulated through the bleed heaters and the amount of steam bled 
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will be large. When the load is heavy, the circulation drops, consequently the 
amount of bled steam falls and there is more steam available to pass right through 
the turbine and consequently generate more power. At extreme peak loads 
the circulation stops altogether, and no steam is drawn from the bleeds for 
feed heating. The system is very beneficial. At light loads when the turbine 
is normally less efficient than at full load, the cycle efficiency is improved by a 
greater quantity of steam being bled in order to heat a store of feed water. At 
heavy loads when the turbine is hard pressed, the bleeds are cut off entirely, 
and all the steam that would have been bled can pass through the efficient low 
pressure stages and produce extra power. 

If the design of the plant is such that all the flue gas heat can be absorbed 
by the air heater, then all the feed heating can be done by bleeds, but if the 
stoker is such that it cannot tolerate a very high air temperature an economiser 
will be necessary. The economiser should be put between the accumulator and 
the boiler. The arrangement is shown in Fig. 267. 



FIG. 267. FEED WATER ACCUMULATOR WITH REGENERATIVE BLEED HEATING 

459 . PEAK CAPACITY WITH REGENERATIVE FEED WATER 
ACCUMULATOR. If we turn to Fig. 24 in Section 88, Chapter 2, we see 
that the boiler feed is heated from the temperature corresponding to 29 in. 
vacuum to that corresponding to 80 psi by means of three regenerative feed 
heaters. 

The steam table tells us that the heat addition is 294 * 5 — 47 = 247 * 5 Btu/lb. 
This corresponds to area A'Paa'. 

If the feed heating bleeds are cut out on peak loads by the accumulator 
regulator we will secure the additional power area A'PA. 

By finding the area A'Aaa' and deducting it rom 247 * 5 we can find the 
gain of power A'PA that will be available on overload. 

The entropy at A', 29 in. vacuum, is ‘Ogi. 

The entropy at P, 80 psi, is *469. 
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The temperature at 29 in. vacuum is 79° F. 

Area A'Aaa'is (79 + 460) X (-469 — *091) — 203*7 Btu, 

so that the available power area A'PA is 247*5 203*7 = 43-8 Btu/lb. 

Fig. 22 shows the cycle that will be in operation when the bleeds are cut 
out, so that the extra power of 43*8 will be the difference between the power 
areas in Figs. 22 and 24. 

In Fig. 22 we found that the area ABGG'D was 566 Btu, 

so that the power area in Fig. 24 is 566 — 43 8 = 522*2 Btu. 

If the overall efficiency of the turbine in Fig. 24 was 82 per cent. 

the net output of the machine would be 428 *2 Btu./lb. 

The extra power A'PA is obtained at low pressure and can therefore be 
assumed to be obtained at an efficiency ratio of 83 per cent., so that the 
extra power available on overload when the bleeds are cut out will be 

83 per cent, of 43 *8 = 36 *4 Btu. 

The effective overload will represent an extra 8*5 per cent. 

So that the feed water accumulator relieves the boiler of all feed heating 
during a peak, and gives the turbine an extra capacity of 8 • 5 per cent, for the 
same amount of input steam. 

460 . EVAPORATOR ACCUMULATOR. In Section 117, Ghapter 3, it 
was pointed out that wherever possible reducing valves should be replaced by 
plant which gives some return for the loss of virtue that the steam has suffered 
by its pressure reduction. Three methods were there suggested ; engines or 
turbines ; evaporators ; accumulators. In each of these plants we get a useful 
return for the increase of entropy that we have permitted to take place. Each 
of these types of plant have been dealt with separately. It is however possible 
and sometimes very convenient to combine an accumulator with an evaporator. 

In a Ruths accumulator the steam that is blown into the accumulator 
condenses by contact with the water in the accumulator and gives up its latent 
heat to the water. It also adds its condensate containing sensible heat to the 
water volume in the accumulator. The steam could have been put into a heating 
surface inside the accumulator where it would condense, give up its latent heat 
to the accumulator water, be discharged from the heating surface through a 
trap and reappear as hot condensate. 

When the accumulator pressure was reduced the water in the accumulator 
would flash off the latent heat that had been put into it. As no water had been 
added with this latent heat, the water in the accumulator would gradually 
evaporate and the quantity would need to be maintained by means of some feed 
arrangement. 

Many process factories collect their process condensate for boiler feed. There 
is always some loss due to leakage from safety valves and due to any steam that is 
directly injected into the process. Sometimes some of the process condensate is 
contaminated with the process material and must be discarded. It may, 
therefore, be very beneficial to make distilled water to provide the necessary 
make-up. This is what the evaporator accumulator does. 
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There are objections to putting the heating surface inside the accumulator 
body. If the water that is to be distilled is hard there will be scale formation 
sooner or later, dependent on the efficacy of the water treatment. It is difficult 
to arrange, inside the accumulator body of orthodox shape, a good heating 
surface which will promote the very high rate of circulation that is wanted. 



FIG. 268. EVAPORATOR ACCUMULATOR 


Fig. 268 shows a suitable arrangement. The accumulator water is circu¬ 
lated, by means of a pump, through the three heaters or condensers shown. 
As the water takes up heat its pressure rises, the charging steam condenses and 
the condensate is removed by the traps. When a lowered pressure on the 
accumulator causes flash, the necessary steam is discharged and the water in 
the accumulator is maintained at the correct level by the water level regulator 
and the feed pump. If scaling occurs in the heaters, one heater at a time can be 
taken out of service and descaled without putting the plant out of action. 
The control gear can be exactly the same as on a Ruths accumulator. 


461 . THE STORAGE OF STEAM AS STEAM. We have seen in Sections 
447 and 450 that an exhaust accumulator which stores the heat in water must 
operate over a pressure drop of something within the practical range of i • 5 psi 
to 6 psi. There may quite often be circumstances where a pressure drop is 
most undesirable or at least must be reduced to the lowest possible figure. To 
meet such conditions it is possible to store steam as steam at constant pressure. 

462 . GAS-HOLDER TYPE ACCUMULATORS. Accumulators of the 
gas-holder type have been used to a small extent, more especially in Con¬ 
tinental Europe. There is much to be said against the gas-holder design, but 
there is also quite a lot to be said in its favour. It is large, it is expensive, the 
maintenance is appreciable, the heat loss is considerable, but it is simple, 
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there is no mystery about it, by looking at it we can see whether it is working 
correctly or not, and—it stores steam with at most J psi pressure drop which 
may be of paramount importance. 


Let us take the winding engine exhaust considered in Section 448 and sec 
what kind of a gas-holder will be necessary. The excess of exhaust over usage 
is 430 lb. of steam per wind. The holder must therefore have a capacity of about 
450 lb. The pressure required to lift the first lift of a gas holder is about • 2 psi 
rising to about -5 for the third lift. The holder for handling the winder peak 
will be quite small and the holder can probably be made with a single lift, 
which, owing to its small size, may need a pressure of * 5 psi to raise it. 

At • 5 psi.g. the volume of i lb. of steam is 26 cu. ft. so that the holder must 
have a volume of 450 X 26 = 11,700 cu. ft. A holder 26 feet in diameter and 
24 feet high will have a capacity of 12,740 cu. ft. which gives a little margin. 

The area of the roof will be 531 sq. ft. If we say that on average the holder 
will be 15 ft. extended, 

the area of the exposed side will be 82 X 15 = 1,230 sq. ft. 

As the bottom will lose heat we can call the radiating surface i ,850 sq. ft. 

Table XXII tells us that the heat loss at 212*^ F. will be 330 Btu/sq. ft./hr. 
in still air at 70® F. This is a temperature difference of 142° F. 

QQO X 167 

We can assume that the heat loss at 45® F. will be - - = 388. 

142 

The amount of steam condensed will be = 740 lb./hr. 

97 ^ 

The amount of steam that passes through the accumulator per hour is 
430 X 40 = 17,200 lb./hr. The heat loss represents 4 • 3 per cent. 


Suppose we have an outside temperature of 20° F. and a 20 m.p.h. wind 
(see Table XXVI) the steam condensed will be 
330 X 192 X 1,850 X 


142 X 971 


= 3,400 lb./hr. or 19-8 per cent. 


for very exceptional conditions. These are very reasonable losses, and we 
do at least recover the distilled water from the steam that has lost its heat. 
Oil in the exhaust is actually beneficial, not harmful. After a short time in 
action accumulators of this type quickly get a most effective insulating coating 
of thick oil. 


As regards controls, there are certain peculiar qualities possessed by this 
accumulator which call for special measures. In a water accumulator the dis¬ 
charge rate gradually diminishes and finally fades out almost imperceptibly, 
and during discharge the pressure is slowly falling, thus delivering a message to 
the mixed pressure turbine that the supply is running out. 

In the case of the steam holder the pressure is the same whether the holder 
is full or almost empty and when it is empty the supply just stops. In such an 
event there would be a moment’s delay in the high pressure turbine governor 
coming into action and the machine might drop more speed than would be 
desirable. 
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An installation at a British colliery will be described, and an alternative 
control will then be suggested. The pit is shallow and the winds are conse¬ 
quently short. The accumulator takes the exhaust from two winding engines 
and feeds a mixed pressure turbine. The turbine requires considerably more 
steam than is provided by the exhaust from the winders. The controls work 
thus : When the accumulator starts to rise a switch A in Fig. 269A is moved 
and puts the high pressure turbine governor out of action and puts the low 
pressure governor into operation. This is the position shown in Fig. 269Ab. 
The accumulator continues to rise and, normally, before it is in its fully extended 
position the winder has stopped. If, however, both winders happen to run 
exactly together there might be a risk of the holder playing the part of secret 
weapon. To guard against this the weighted valve B is pulled open by a chain 
which tightens when the holder approaches the danger height, thus releasing 
the steam—see Fig. 269AC. When the winders stop, the holder empties rapidly 
and means must be provided for preventing the lift dropping into the tank with 
a bang. This is done by the lever G being operated by the descending holder. 
Lever G opens a small valve which admits high pressure steam to the holder and 
cushions the lift. This is shown in Fig. 269Aa. When the lift has dropped almost 
home the switch A changes over from the low pressure governor to the high 
pressure governor. 

Now this holder has been going up and down about 40 times an hour for 
31 years. If only one winder comes on at a time it only goes part way up. 
Very early in its history valve D went wrong, and that part of the control has 
never worked satisfactorily. It seems also that switch A could be dispensed 
with if the turbine could be told in some other way that the supply was running 
short. 





b 


FIG. 269B. SUGGESTED ARRANGEMENT OF GAS HOLDER ACCUMULATOR 


The arrangement shown in Fig. 269B might solve both these problems in the 
simplest possible way. The end of the steam pipe is flared and a long gently 
tapering cork ’’ K which can enter the steam pipe is suspended by a short 
chain from the top of the lift. The holder in Fig. 269Ba is shown discharging. 
The cork is just entering the steam pipe and thus reducing the steam discharge 
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rate. This throttling of the steam gives a message to the turbine whose low 
pressure governor will try to get more steam. In this it will fail and will in 
fact get less, so that the high pressure governor must open. As the lift falls 
the discharge rate is progressively reduced, thus slowing down the fall of the 
lift until, in the position shown at Fig. aGgsb, the outlet is plugged and the lift 
is just clear of the bottom. 

When the winders start the cork K will be blown out as in Fig. 269BC and 
steam can enter the holder freely. 

Should there be a hitch in winding, the steam inside the holder in 
the down position would condense and create a vacuum inside. To protect 
the holder against collapse, a reducing valve R from a small high pressure 
steam pipe can be arranged to open at about 2 in. or 3 in. vacuum. 

The cost of a steam holder will be greater than that of the exhaust 
Rateau accumulator discussed in Section 448. The difference in cost together 
with the extra maintenance must be set against the fact that with a back pressure 
of • 5 psi instead of about 2*5 psi the winding engine will use probably 4 per 
cent, less steam, or the performance of the exhaust turbine will be correspondingly 
improved by loading the steam holder to a 2 psi pressure. 


463 . GAS-BAG ACCUMULATORS. There would seem to be no good 
reason why steam should not be stored at atmospheric pressure in a fine fabric 
bag. The back pressure would only be a few inches of water. The heat loss 
would be small as the bag could be encased in a cheap insulating box. Very 
thin cotton fabrics can now be woven that are almost impervious when wetted. 
The cost would be low. 



FIG. 270. GAS BAG ACCUMULATOR 



Fig. 270 shows the suggestion. The bag would be roughly rectangular. 
When fully distended in its box, one corner would raise a collapsible cotton 
tube distended with light hoops which would then release any surplus steam. 
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As the comer to which the release tube was fastened would be the heaviest part 
of the bag it would be the last to lift. As far as the author knows, such a bag 
has never been tried, nor can he hazard a guess as to how long it would last. 
Such a device would need controls similar to those on the gas holder type. 

Where steam is stored as steam and passes to an exhaust or mixed pressure 
turbine, there should be an oil separator in the pipe leading to the turbine to 
minimize deposition of oil on the blades, particularly if these are of the reaction 
type. 


464 . HOT PROCESS WATER STORAGE. If we store our steam heat in 
the water in a Ruths accumulator or a Rateau accumulator we recover the heat 
as low pressure steam. If we store our steam heat in the water of a Kiesselbach 
or Marguerre accumulator we recover the heat as high pressure steam in 
increased boiler output at peaks. If we store our heat in hot process water or 
hot heating water we recover the heat as extra boiler output when the demand 
is heavy. 

Many factories require large amounts of hot water which must oiten be 
heated up from cold. Gold water requires a great deal of heat and, pound for 
pound, can absorb much more heat than the hot water in an ordinary accumu¬ 
lator which operates over a small temperature difference. 

We see from Table IV that it requires 100 lb. of water at 212° F. to store 
I lb. of steam at 3 psi. 

Now the amount of 3 psi steam that 100 lb. of water at 60° F. will absorb 
when heated to 210° F. is found if we put = to the weight of 3 psi steam and 
equate thus : 

100 X (60 — 32) -f 1)154-^ =(•*■+ 100) (210 — 32) 

= 15*4 

So that, when water must be heated from cold, a water tank need only be onefifleentk 
he size of an equivalent orthodox exhaust accumulator. 

In laundries, breweries, etc., great quantities of hot water are required. In 
a brewery, for example, the mashing liquor calls for much heat for a few hours 
at the beginning of the brew. The vapour from the copper contains quite 
enough heat to heat all the mashing liquor, but this source of heat is only 
available 3 or 4 hours after it is wanted. If the mashing liquor is heated by 
copper vapour the hot liquor must be stored for perhaps 20 hours. In many 
other factories the boilers could very conveniently heat water in their off-load 
periods, if the hot water could be economically stored. 

The storage of heat in hot process water is one of the best ways of smoothing 
long-term peaks and one of the best ways of recovering waste heat, but its whole 
success or failure depends on how much heat will be lost by the water tank during 
long periods of storage. 

It is desirable therefore to have an easy method of calculating how much 
heat will be lost by the contents of a tank under various conditions. The 
problem is not straightforward like the calculation of heat loss from a tank that is 
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kept at a constant temperature. The temperature of a storage tank such as we 
are considering is falling at a gradually diminishing rate and the equation for 
the process is :— 

d = 0i(i 

where d = loss of temperature of tank contents in ® F. 
t = time in hours the tank is cooling. 



W = Weight in lb. of tank contents. 

S = Specific heat of tank contents. 

U = Heat loss from tank surface in Btu/sq. ft./°F./hour. 

A = Area of tank surface in square feet. 

0 = Initial temperature difference between tank and air in °F. 


This equation is exact but is in an inconvenient form. 


The author’s brother has devised a simple empirical formula which is 
accurate within i per cent, over the range of conditions likely to be met in 
practice. 

This empirical equation is 


rf = 0, ( 


I • 65/A: . 
1*6 “t" ^A: 


The error introduced by using this empirical formula instead of the accurate 
formula never exceeds i per cent, provided the value of tk is less than i • o. 

Suppose we have a rectangular tank 6 ft. x 12 ft. X 4 ft. 

Its capacity will be 288 cu. ft. exactly 

or say i>750 gallons for practical purposes. 

The surface of its six sides is 288 sq. ft. (It is pure coincidence that this 
figure is the same as the volume). 

Assume that the tank is covered and lagged all over. 

Assume that the tank contains water. 


Assume that the initial water temperature is 210® F. or 180° F. or 150® F. 
Assume that the air temperature is 70° F. 

Assume that the tank cools for 6, 12, 18 and 24 hours. 

Assume that the tank contains 500 or 1,000 or 1,500 gallons. 

Then t = 6, 12, 18, 24. 

W = 5,000, 10,000, 15,000. 

S = 1*0. 

U = -s- 

A = 288. 

0, = 140, no, 80. 

Wc will first calculate the values of tk for the various conditions to see that 
they do not exceed i • o and we can put these down in Table A. 
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In no case does tk exceed i ■ o so that the empirical formula is applicable 
over the whole range in question. We can now work out the loss of temperature 
of the water under various conditions of initial temperature, see Table B. 


TABLE A 



tk 

w 

n 

6 

12 

18 

24 

5,000 

•0288 

•1728 

•3456 

•5184 

•6912 

10,000 

•0144 

•0864 

•1728 1 

•2592 

•3456 

15,000 

•0096 

•0576 

•1152 

•1728 

•2304 


TABLE B. TEMPERATURE LOSS OF WATER IN A 
RECTANGULAR TANK 6 FT. x 12 FT. x 4 FT., COVERED 
AND LAGGED, IN °F. WITH AIR AT 70° F. 


TANK 

CON- 

6% - 210“ F. j 

Ot = 180* p. 

i 

0% - 

150“ F. 


TENTS 

lb. 

6 HR. 

12 HR. 

18 HP. 

24 HR. 

6 HR. 

12 HR. j 

18 HR. 

1 

24 HR. 

6 HR. 

12 HR. 

18 HR. 

24 HR. 

5.000 

22-5 

41 0 

56 5 

69 7 

17 7 

1 

32 2 

44 4 

58 8 

12 9 

23 4 

32 3 

39*8 

10,000 

11-8 

22 5 

32*2 

41 0 

1 9 3 

17 7 

25 3 

32 2 

6 8 

12 9 

18 4 

23*4 

15,000 

80 

15 5 

22 5 

29-1 

6-3 

12 2 

1 ^ 

22 8 

4 6 

8 9 

12 9 

16-6 


Now the tank we have been considering is not a good shape. Its surface is 
large compared to its content. Let us take a more economical shape, namely 
a cylindrical tank 7 ft. diameter, 7 ft. 3 in. high. This will have the same volume 
as the 6 ft. X 12 ft. X 4 ft. rectangular tank, but its heat losing surface will be 
only 236-5 sq. ft.—see Table C. (The tank shape having the lowest surface/ 
volume ratio has a height = diameter). 


TABLE C. TEMPERATURE LOSS OF WATER IN A 
CYLINDRICAL TANK 7 FT. DIA. x 7 FT. 3 IN., 
COVERED AND LAGGED, IN ° F. WITH AIR AT 70° F. 


TANK 

CON¬ 

TENTS 

lb. 

Ot « 210“ F. 

01 « 180“ F 

Ox « 150* F. 

6 HR. 

12 HR 

18 HR. 

24 HR. 

j 6 HR. 

12 HR. 

18 HR. 

24 HR 

6 HR. 

12 HR. 

18 HR. 

24 HR. 

5.000 

18 8 

34 9 

48-7 

60-7 

14 8 

27 4 

38 3 

47 7 

10 8 

19 9 

27*8 

34-7 

10.000 

9*8 

18 8 

270 

34 9 

_1 

7-7 

14 8 

21 2 

27 4 

56 

10 8 

15 4 

19-9 

15,000 

6-7 

12*9 

1 18 8 

24-5 

5-2 

10-2 

14 8 1 19-2 

1 ' 

3-8 

7*4 

10-8 

14*0 
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This cylindrical tank shows a very definite improvement on the rectangular 
tank. But such a tank is of little use for any moderate sized laundry, dye works 
or brewery. Let us take a tank that will hold 10,000 gallons, namely one 13 ft. 
diameter, 12 ft. 6 in. high. 

The volume is Ij659 cu. ft. or 10,339 gallons. 

The wall area is 510*51 sq. ft. 

Top and bottom 132-73 sq. ft. each. 


Total surface 776 sq. ft. 


We will assume the top is covered and the whole tank is lagged—see 
Table D. 


TABLE D. TEMPERATURE LOSS OF WATER IN A 
CYLINDRICAL TANK 13 FT. DIA. x 12 FT. 6 IN., 
COVERED AND LAGGED, IN ° F. AIR AT 70° F. 


TANK 

CON¬ 

TENTS 

lb. 

6i « 210 - F. 

Oi = 180 - r . 

0i - 150 - r . 

6 HR. 

12 HR. 

18 HR. 

24 HR. 

6 HR. 

12 HR. 

18 HR. 

24 HR. 

6 HR. 

12 HR. 

18 HR. 

24 HR. 

25,000 

12-7 

24 * 1 

34-3 

43*6 

100 

18*9 

27*0 

34*3 

7*3 

13*7 

19 6 

24*9 

50,000 

6-5 

12-7 

18-5 

24-1 

51 

10*0 

14*6 

18*9 

1 

3*7 

7*3 

10*6 

13*7 

75,000 

4-4 

8-6 

12*7 

16-6 

3-5 

6*8 

10*0 

131 

2*5 1 

4*9 

7*3 

9*5 

100,000 

1 

1 

3-3 j 

6-5 

9-7 

12-7 

2-6 

5*1 

7*6 

100 

! 

3*7 

5*5 

7*3 


Table D shows the great advantage of a large tank over a small one, Table C. 
But it should be noted what a big temperature drop there is when the tank is 
only partly full. 

Now many, perhaps most, tanks are not lagged on their bottoms which 
generally rest on joists. If the tank is sitting on a good thick floor its bottom is 
virtually lagged, but on joists it can lose a lot of heat. 

Too many tanks are uncovered. The heat loss from a hot liquid surface is 
much greater than the heat loss from a similar area of metal tank. This is 
because quite a lot of evaporation takes place at the surface and this absorbs 
much latent heat. There is very little available information on the heat lost 
from the liquid surface in an open tank. There are wide variations. If the 
liquid surface is in a draught the loss is greatly increased. If the tank is full, the 
heat loss from the liquid surface is much greater than if the tank is only part full. 
When the level is low there is a deep blanket of saturated air over the surface 
which limits the rate of evaporation. 

Let us try to compare the heat that may be lost from the open top of the 
13 ft. tank with that which might be lost from its unlagged side. 

One ol the simplest published formulae for heat loss from water surfaces is 
that given by Carrier for cooling ponds and which appears in some of the books. 
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One of the troubles with covering hot tanks is the corrosion that occurs in 
steel. This corrosion is one of the principal reasons why more tanks are not 
covered. But tanks should be covered and the corrosion should be avoided 
by using stainless steel, monel metal or simply brass, copper or wood. 

Over short periods there is no need to adopt the formula used here for 
estimating the tank heat loss. The temperature drop is small and the tempera¬ 
ture difference can be assumed to be constant over the period without introducing 
much of an error. But over long periods such a method of estimating tempera¬ 
ture drop introduces a big error, in the one direction of showing the temperature 
drop to be larger than it actually would be. This may dissuade the management 
from installing hot water storage which might really be of great benefit. 

Table F gives a comparison of the two methods of estimating temperature loss 
in the 13 ft. tank containing 10,000 gallons at an initial temperature of 210® F., 
with the tank closed and lagged and with the tank closed but unlagged. 

TABLE F 


TEMPERATURE DROP OF WATER FROM 210® F. 
WITH AIR AT 70® F. 


TIME 

OF 

COOLING 

1 

DIMINISHING 

TEMPERATURE DIFFERENCE 

..1-65/A:. 

CONSTANT 

TEMPERATURE DIFFERENCE 

ditk 

LAGGED 

UNLAGGED 

LAGGED 

UNLAGGED 

6 

3-3 

12-7 

3-3 

13-0 

12 

6-5 

24-1 

6-5 

26-1 

18 

9-7 

34-3 

9-8 

39-1 

24 

12-7 

43-6 

13-0 

52-1 

30 

15-7 

52-1 

16-3 

65-1 

36 

18-5 

59-8 

19-6 

78-1 

42 

21*4 

66-9 

22-8 

91-2 

48 

24-1 

I 73-4 

26-1 

104-3 


The necessity of using the diminishing temperature difference is clearly 
shown in Table F if the heat losses are great, or the tank small. By taking a 
constant temperature difference it appears that nearly three quarters of the 
heat in the water in the unlagged tank would be lost. Taking the diminishing 
temperature difference we see that in actual fact only about half the heat will be 
lost and week-end hot water storage, even in the unlagged tank, might pay a 
dividend. 

It will also be seen that where the heat loss is small and the tank large, the 
error introduced by using the constant temperature difference is very small, 
smaller probably than the error in estimating what heat loss/sq. ft./® F./hr. 
to use as a basis. 

This section is already very long, but no excuse is offered for making it still 
longer, because the storage of heat as hot water is so cheap, so simple, so 
universally applicable, that it deserves the highest priority in thermal projects. 
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One last example will now be considered to hammer home the claims of hot 
water storage to be one of the main weapons in the thermal technologists* 
armoiuy. 

We will take the same 13ft. tank as before, but in addition to covering its 
top we will lag it more elaborately. In Section 138 a long steam pipe connecting 
two Liverpool factories was shown to have a heat loss of only • 3 Btu/sq. ft./“ F./ 
hr., while the steam accumulator in the author’s factory was shown, in Section 
446, to have a heat loss of only • 175 Btu/sq. ft./° F./hr. We will assume that the 
tank is so well lagged that it has a heat loss of • 25 Btu/sq. ft./° F./hr. 

TABLE LXIa. TEMPERATURE LOSS IN °F. FROM to,000 
GALLONS WATER IN CYLINDRICAL TANK 13 ft. DIA. & 
12 ft. 6 in. HIGH, COVERED AND HEAVILY LAGGED. 


TIME OF 

COOUSG 

TEMPERATURE DROP OF WATER 

FROM 210 ® F. 

HOURS 

DAYS 

AIR AT 70 ° F. 

AIR AT 50 ° F. 



® F . 

° F . 

6 


1-7 

1-9 

12 


3*3 

3*8 

18 


4.9 

5-6 

24 

1 

6-5 

15 

30 


8-1 

9*3 

36 


9*7 

11*0 

42 


11*2 

12*8 

48 

2 

12-7 

14*5 

54 


14*2 

16*2 

60 


15*7 

17*7 

66 


171 

19*6 

72 

3 

18*5 

21*7 

78 


19-9 

22*8 

84 


21-3 

24*4 

90 


22*7 

26*0 

96 

4 

24*1 

27*5 

102 


25-4 

29*0 

108 


26-7 

30 3 

114 


280 

32*0 

120 

5 

29*3 

33*5 

126 


30'6 

35*0 

132 


31*9 

36*5 

138 


33 * 1 

37-8 

144 

6 

34-3 

39*3 

150 


35*5 

40*6 

156 


36-7 

42*0 

162 


37-9 

43*3 

168 

7 

39-1 

44*6 

174 


40-2 

45*9 

180 


41-4 

47*3 

186 


42*5 

48*6 

192 

8 

43-6 

49*9 
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Table LXIa shows how remarkably small would be the heat loss even over 
many days. It is clear that a well lagged water storage tank might be a god¬ 
send to those factories who waste a lot of steam at the shut-down on Saturday. 
This steam could heat cold water for use on Monday. 

Fig. 271 shows in striking pictorial form the heat loss incurred every hour 
from the tank just considered, when open and unlagged, and when covered 
and lagged. 


TOP LOSS 
557,600 


OPEN TOP. 



AMBIENT AIR 70 P 


HEAT INPUT TO 
MAKE GOOD 
I HOUR^S LOSSES 


TOP COVERED 
S LAGGED 

Tthick 



LAGGED 
a BOTTOM 


LAGGING 

{"THICK 


34,580 

BOTTOM LOSS 


8645 

BOTTOM LOSS 


FIG. 271 . IILAT TOSSES FROM ROUND OPEN UNLAGGED TANK AND FROM 

COVERED I.AGGED TANK 


The lessons to be learnt from the foregoing are :— 

1. That a hot water storage tank should always be so sized that it is 

as nearly full as possible. 

2. That it is of the greatest importance to cover the top of the tank. 

3. That a storage tank should be very well lagged. 

4. The larger the tank the more is elaborate lagging justified. 

465 . ACCUMULATOR APPLICATIONS. In an^ one factory having peak 
demands or peak exhausts there are all kinds of ways in which accumulators 
can be applied. Often it is by no means obvious where the accumulator should 
be inserted in the pressure hierarchy, consequcnlly it is not certain which type 
of accumulator should be used. 

In the following sections a few examples are given of the ways in which the 
various types of accumulator can be apjdied and a few remarks are added to 
show the reasons for the choice. These are examples pure and simple, they are 
not dogmatic proposals for particular industries. Every single plant has its 
own peculiar problems and local circumstances, and each plant must be con¬ 
sidered in the light of its own particular needs. 

466 . COLLIERY ACCUMULATOR. In a colliery, apart from the winding 
engine which is one of the peakiest kinds of load, there is a considerable steady 
load in ventilation and pumping. The winding engines call on the boilers for 
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sudden huge supplies of steam with the least possible pressure drop. The 
engine produces sudden huge peaks of exhaust steam. This exhaust steam, 
could it be stored, would provide much of the steady load if fed to an exhaust 
turbine. 

Fig. 272 shows a small installation where Lancashire boilers, with their 
large water capacity, are able to make a fair showing at meeting the winder 
demands. The exhaust from the winding engine goes to a Rateau accumulator 
and thence into an exhaust condensing turbine. A reducing valve E keeps the 
turbine going in the event of a temporary hitch in winding. 



FIG. 272. RATEAU ACCUMULATOR IN SMALL COLLIERY 


Fig. 273 shows a larger, more modern colliery with higher pressure water-tube 
boilers. Such boilers have a small water storage and are not so well placed as 
shell boilers to meet the winding peaks. The boiler plant therefore is fitted with a 
Kiesselbach accumulator, which, when the peak comes, provides hot feed water 
at boiler temperature and provides flash steam at boiler pressure. The exhaust 
from the winders goes into a Rateau accumulator which feeds a mixed pressure 
turbine. 



FIG. 273 . KIESSELBACH AND RATEAU ACCUMULATORS 
IN LARGE COLLIERY 


467 . SUGAR REFINERY ACCUMULATORS. Fig. 274 shoAVS a small 
sugar refinery where the technique is a little old-fashioned, consequently a 
relatively large amount of steam is used. This enables the engines taking steam 
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at 150 psi and exhausting to process at 125 psi to generate sufficient power. 
The process normally takes rather more steam than is exhausted from the engine 
so that in this case there is no doubt as to the best place for an accumulator, 
and this place fixes the type. It will be a Ruths accumulator between the 
150 and 25 psi mains. As the peaks are not very severe it is not necessary to 
use the whole pressure drop in the accumulator which will give enough storage 
between 80 and 25 psi. Steam for the 5 psi main is provided by a reducing 
valve from the 25 psi main. 



FIG. 274. RUTHS ACCUMULATOR IN SMALL SUGAR REFINERY 


Fig. 275 shows a more modern sugar refinery where the white sugar pans 
take steam at 60 psi. In consequence of this higher back pressure and because 
of a good technique the process can barely consume the turbine exhaust. The 
reducing valve E is for emergencies only. In order to generate the needed 
power the boilers must feed the turbine at 500 psi. The peak demands are 
produced by the 60 psi and by the 10 psi users and are fairly long-term peaks. 
They are too long to be met by any simple form of water flash and a big pressure 
drop is not desirable as it would aggravate the power/steam ratio. A Marguerre 
accumulator is therefore fitted to the boilers. 

Now at times of process valleys the process cannot absorb the turbine exhaust 
so that the 60 psi safety vah'^e would blow. Clearly the place for an accumulator 
is on the 60 psi main to absorb the excess turbine exhaust and store it against 
a future process demand. Although this is an exhaust accumulator it is not 
feeding an exhaust turbine, but a process main at 10 psi. It therefore need not 
be large and of Rateau design but can be a Ruths type working over the full 
pressure drop 60 to 10 psi. 

In a sugar refinery there are occasions when the process condensate is 
a little sweet. Sweet water is not permissible in a boiler working at 500 psi, 
and such water cannot be used for boilers but must be diverted to process. 
Some of the steam is used direct in blowers. There is therefore always a 
shortage of condensate for boiler feed and a pure make-up is very necessauy. 
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So here is an ideal application for the evaporator accumulator^ which provides 
pure distilled make-up water, accepts and stores surplus turbine exhaust, takes 
care of the peaks on the 10 psi main and the valleys on the 60 psi main. 



Fro. 275. MARGUERRE AND EVAPORATOR ACCUMULATORS IN LARGE SUGAR 

REFINERY 


468 . STEEL WORKS ACCUMULATOR. The rolling mills and hammers 
demand very sudden, very sharp steam supplies. Water capacity in the boilers 
is the best way of meeting such a demand. As the pressure is fairly high and the 
installation is large, the boilers are water-tube and have little inherent water 
storage. So a Kiesselbach accumulator is the best choice for trying to meet the 
peaks see Fig. 276. The steam users are scattered fairly far apart, the exhaust 
pipes are long so that back pressure makes itself felt and the extra 3 or 4 psi 
needed by a Ratcau accumulator would be undesirable, so a gas-holder type 
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of accumulator is used to collect and even out the supply to the mixed pressure 
turbine. The high pressure supply to this turbine is only for use in the emergency 
when chance ordains that all the engines and hammers occupy the same valley. 


469 . VALUE OF ACCUMULATORS. Accumulators whether high pressure 
Kiesselbach or Marguerre, medium pressure Ruths, low pressure Rateau, or 
sim ply the humble hot water tank are great steam savers. It is often difficult to 
be sure that the somewhat heavy cost of an accumulator is justified. The 



FIG. 277. RUTHS ACCUMULATOR IN OLD SUGAR REFINERY 


author is of the opinion that in cases of doubt the verdict should be in favour 
of installing the accumulator. While it may be difficult to justify an estimated 
smoothing of peaks, experience seems to be that, once installed, a factory would 
never part with its accumulator. In this connection the experience in the 
author’s factory may be of interest. 

Expansion in a very cramped site had reached the point where two tiers of 
boilers one above the other were unable to supply the demand. No one was 
bold enough to suggest a third tier of boilers, but it was thought that if the 
boilers could be kept on full load continuously the demand could be met. The 
accumulator was installed as shown in Fig. 277. Some years later progress 
demanded the complete renewal of the boiler and power plant. It had been 
assumed that there would be no place for the accumulator in the new scheme, 
but very few months working of the new plant proved that the accumulator 
could serve a very useful purpose. It was brought out of retirement and justified 
itself at once under its new conditions. All the process staff look upon the 
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Bag as it is affectionately called, as indispensable. The new arrangement is 
shown in Fig. 278. A recent chart taken of the accumulator and process 
pressures is shown in Fig. 279. 

As a matter of technical interest the story of the putting to work of this 
accumulator is interesting, illuminating and depressing. At the time of its 
installation it was the largest single accumulator vessel that had been built. 
It is 14 ft. 9 in. in diameter by 82 ft. long and it is made of plates i J in. thick. 



FIG. 278. RUTHS ACCUMULATOR IN MODERNISED SUGAR REFINERY 



FIG. 279. PRESSURE CHART OF ACCUMULATOR AND PROCESS PRESSURES 

Owing to its size it had to be built on site. This called for the closing of many 
thousands of rivets by hand. This difficult job was done and the joints 

were well and truly caulked inside. The Insurance Company then called for 
an hydraulic test at 425 psi. Just before test pressure was reached there was a 
loud bang—the beautiful caulked joints had sprung an invisible but leakable 
amount. It was tested cold at 425 psi when it was going to work hot at 250 psi. 
The test had completely spoiled this beautiful piece of craftsmanship, which 
leaked ever after until, when it was brought back into low pressure service, all 
the seams were lightly welded. 

« ♦ ♦ 
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CHAPTER 17 


MULTIPLE EFFECT EVAPORATION 

Find out the cause of this effect. 

SHAKESPEARE. Hdmlet, x6oi« 

THE Multiple Effect Evaporator was invented by Rillieux in 1843 because the 
exhausted cane fibre provided insufficient fuel in cane sugar factories, and wood 
had to be cut and carried from increasingly long distances to make up the 
balance. Nowadays, such is the efficiency attained by the application of 
Rillieux’ invention, that a modern cane factory can not only raise all the steam 
it needs and generate all the power it requires by burning its exhausted fibre, 
but has a considerable surplus that makes excellent wall-board. 

The Multiple Effect Principle consists of the re-use of latent heat for 
successive evaporations and is one of the greatest single aids to steam economy, 
ranking with Watt’s invention of the separate condenser. Its application is 
limited, but it deserves close study because, even if it is impossible to use it, 
the analysis of its working gives such perfect examples of correct and incorrect 
steam technique. Once the fundamentals of the technique are mastered there 
arc dozens of ways in which they can be applied in all kinds of directions and 
which give simple, large and lasting economies. 

470. THE SPLITTTNG-UP OF LATENT AND SENSIBLE HEAT. When 
Steam is used for evaporating water from a product, the original heat in the 
steam is split in two ; (i) Latent Heat of vaporisation (or condensation) which 
is transferred to the product being treated and causes the formation of further 
steam by evaporating water from the product, while condensing the original 
steam ; (2) Sensible or water heat which is retained in the condensate which 

forms when the original steam condenses. I'he proportions of these divisions 
depend on the pressure at which the original steam gives up its latent heat. 

The heat in the condensate at any particular pressure is greater than the 
heat in condensate at lower pressure. If, therefore, the pressure on the con¬ 
densate is reduced, the excess heat causes some steam to be generated as 
‘‘ Flash ” or Self-evaporation Such flash steam is just as useful as any 
other steam at the same pressure. Its amount under various conditions is 
shown in Tables IV and V. 

In evaporation by steam-heat, only the latent heat is transferred to the 
product to be treated. This transferred heat is absorbed {a) as sensible heat 
to raise the product to its boiling point and {b) as latent heat for vaporising 
water from the heated product. This water vapour from the product is at a 
lower pressure than the original steam, but it holds all the heat in the original 
steam less the sensible or water heat left behind in the condensate and any 
sensible heat that has been used to bring the product up to boiling point. 

If now there is a use for this evaporated steam at its pressure and temperature, 
it can be used in the same way as steam newly generated in a boiler. It can be 
used for process-, water-, or space heating ; or it can be used for evaporating 
water from another product or from the same product from which it sprang. 
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Such a second evaporating process must obviously be done at a pressure 
lower than the first evaporation and again the heat in the steam will divide 
itself into (i) latent heat transferred to the product and (2) sensible heat retained 
in the condensate. 

Clearly, provided pressures and temperatures are suitable, this process of 
passing the latent heat on and on can be done until the temperature and pressure 
have become too low for practical heat transfer. But at each stage the sensible 
heat is retained in the condensate. It will be seen below that much of this 
condensate heat can be recovered as flash and put back into the cycle, but it 
forms one of the practical limiting factors. 

This successive use of latent heat for evaporation is called the Multiple 
Effect Principle. Evaporation in Single, Double and Triple Effect will now 
be considered. For simplicity certain important assumptions will be made :— 

{a) The plant will be considered to be lOO per cent, efficient, i.e., no 
radiation or other losses will be allowed for. (See Section 477 
for a brief discussion of losses.) 

{b) The processed material will be considered to have the physical 
properties of water. This eliminates complications introduced by 
varying Specific Heat and Boiling Point Elevation. 

(c) Only the liquid that is to be evaporated will be considered, not the 

concentrated result of evaporation. 

(d) It is assumed that the object is to evaporate i lb. of water. 

(e) In Figures 280 to 288 round brackets are used to indicate (Total 

Heat) and square brackets to indicate [Latent Heat]. 

471 . SINGLE EFFECT. Fig. 280 shows straight evaporation in single effect 
under atmospheric pressure. Ibe quantities and heat distribution are shown. 
Each top figure is the weight of steam or liquid in pounds. The next figures 
are gauge pressures and temperatures. The figures in brackets are heat contents 
in Btu. In this first example the method of ascertaining the heat and weight 
distribution will be described in detail. 

The heat input is in the form of saturated steam at 54 psi gauge. (This 
pressure has been selected because the temperature drop between this and 
atmospheric pressure is divisible by two and by three into round numbers). 
One pound of steam at 54 psi has a temperature of 302° F., contains [909] Btu 
of latent heat and (1181) Btu of total heat. During heat transfer a constant 
pressure exists inside the heating surface (shown in the diagrams as a coil) 
so that, if the coil is perfectly drained, only the latent heat in the heating steam 
is transferred to the liquid being evaporated. 

Now I lb. of water is to be evaporated and it enters the plant at 60° F. 

It must first be raised to 212° F. requiring 152 Btu. 

It then needs [971] Btu to evaporate it—a total of (1,123) 

As only the latent heat of the 54 psi steam is used it will be necessary to 
bring in [1,123] of latent heat. 
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As the latent or heating heat of i lb. of 54 psi steam is [909] it will be 

I 12^ 

necessary to bring in ——^ = i - ass lb. of steam. 

909 

This will contain 1-835 X 1,180 = (1,456) Btu of total heat. 

The condensate passing through the trap will contain the total heat less 
the latent heat which has been given up, 1,456 — 1,123 = 333 Btu. This is 
the sensible heat. 


1-000 


STEAM 



) 1-114 
(1281) 


( 202 ) 


FIO. 280. SINGLE EFFECT EVAPORATOR 
PERFORMANCE EFFICIENCY : 90 PER CENT. 


When this condensate reaches the Iiot-well or condensate tank, at atmos¬ 
pheric pressure, the excess heat will cause a flash of steam. 

One pound of water at 212° F. contains (180) Btu so that 1-235 lb. of water 
at 212° F. will contain (222) Btu. 

The surplus heat in the condensate is therefore 333 — 222 = [iii] Btu. 
which will cause flash. 

To vaporise i lb. of water at 212° F. takes [971] Btu. 

So [ill] Btu will vaporise = -114 lb. 

971 

Steam at 212° F. contains (1,151) Btu of total heat per lb. 

So that -114 lb. will carry away 1,151 X -114 = (131) Btu. 

The condensate returning to the process weighs 1-235 — ■ 114 = i • 121 lb. 

and contains 333 — 131 = (202) Btu. 

The work to be done in the evaporator is the transference of the energy 
needed to heat the Uquid to 212® F. and then to vaporise it at atmospheric 
pressure, or the total heat in the vapour less the sensible heat in the feed. 

This requires (1,151) Btu of which (28) is already present in the feed. 

The heat taken in in the steam was (1,456) Btu. 
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The returned condensate contained (202) Btu so that the net heat used 
was 1,456 — 202 = 1,254 the heat in the feed, which tallies with 

the heat rejected. 

1,254 + 28 = 1,282 = 1,151 + 131. 

So the efficiency can be said to be 
(1,151 — 28) 100 


1.254 


= 90 per cent. 


472 . MULTIPLE EFFECT. The Multiple use of latent heat for evaporation 
can be done by closing in the evaporator and taking the vapour, previously 
rejected, as heating medium for use in a second evaporator. If the second 
vessel is to boil under atmospheric pressure the steam supplied to it as vapour 
off the first vessel must be under pressure. The two vessels will reach an equili¬ 
brium automatically. Assume the second vessel is open to the atmosphere, 
then, when steam is first admitted to the first vessel’s heating surface, boiling 
will be vigorous in the first body and non-existent in the second body. Pressure 
will build up in the first body and will thus reduce the temperature drop 
between the input steam and the output vapour and the evaporation will slow 
down. At the same time a pressure and temperature difference is building up 
between the heating vapour and the liquid in the second vessel and evaporation 
will start with, of course, condensation of the first-effect vapour on the second- 
effect heating surface. If the rate of evaporation should rise in the first vessel 
its body pressure will rise and automatically reduce its rate of evaporation with 
an equivalent temporary increase in the rate of evaporation in the second 
vessel. Thus each vessel controls the rate of evaporation in the other and the 
self-regulation is perfect. In the examples immediately following it is assumed 
that equilibrium conditions will be such that there will be an equal temperature 
drop across each vessel. This is not necessarily the case in practice. It depends 
on the heat transfer rate and the sizes of the heating surfaces. The higher 
the temperature the higher the rate of heat transfer. The more concentrated 
the liquid being evaporated the lower the rale of heat transfer. In some 
quadruple effect evaporators the temperature drop in equilibrium in the last 
effect is nearly four times what it is in the first effect. The question is discussed 
again later. This assumption of equal temperature drops is quite fair for 
illustrating the principle and for driving home the technique because the various 
heating surfaces can be so dimensioned as to secure any temperature drop desired 
in any effect. 


473 . DOUBLE EFFECT. Fig. 281 shows an elementary double effect 
arrangement. The total temperature drop, that is from initial virgin steam to 
vapour discharged from the second effect, is 302 — 212 = 90° F., so that the 
temperature in the first body and in the second heating surface will be 302 — 45 
= 257° F. corresponding to a pressure of 19 psi. The heat distribution is shown 
in detail in Fig. 281 but the working out will not be given. The method is 
straightforward and consists of putting in i lb. of 54 psi steam and following the 
consequences through and then reducing all weights and heat contents pro¬ 
portionally to give a i lb. evaporation. 

Now Fig. 281 shows that the same evaporation has been done as in Fig. 280 
but that only *680 lb. of steam has been used instead of i *235 lb., a saving of 
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45 per cent. It is more correct to compare the net heat usage. In Fig. 281 
it was 598 Btu against 1,282 Btu in Fig. 280, an improvement of 51 per cent. 

The work to be done is the evaporation of i lb. of water at atmospheric 
pressure, or the production of i lb. of steam at atmospheric pressure. This 
calls for 1,151 Btu. There is already 28 Btu in the feed, so that the heat to 
be supplied is equivalent to 1,151 — 28 = 1,123 Btu. The net heat used is the 
total heat in the input steam 802 Btu less the heat in the returned condensate, 204. 
Therefore the net heat used is 802 — 204 = 598 Btu. 


The performance efficiency must therefore be : 

1,123 X 100 o 
—— - = 187 per cent. 

598 


0*544 

19 pti 0*456 



( 204 ) 

FIG. 281 . DOUBLE EFFECT EVAPORATOR-PARALLEL FEED-EQ^UAL 

TEMPERATURE DROPS. PERFORMANCE EFFICIENCY I 1 87 PER CENT. 

474. PERFORMANCE EFFICIENCY. Now we must pause to consider 
whether we are justified in saying that a plant can be more than lOO per cent, 
efficient. How are the efficiencies of different plants compared ? By expressing 
the work done or the energy made available for useful purposes as a percentage 
of the net heat or energy input. 

Thus the efficiency of a turbo-generator is 

Electrical Power generated 
Heat in steam — Heat in condensate 
The efficiency of a boiler is 

Heat in steam — Heat in feed water 
Heat in coal 

It is surely rational to express the efficiency of an evaporator as 
Energy needed to heat and evaporate liquid 
Net Heat supplied to plant 
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Of course the true thermodynamical efficiency of an evaporator must be zero 
because all the heat in the evaporated vapour is normally eventually rejected, 
but to use a yardstick which always measures zero is absurd. Take as an 
example a distillery producing, mirabile dictu, distilled water. Assume that it 
has first class up-to-date coal-fired stills. The management will certainly 



measure the efficiency of tlieir stills zis if they were steam boilers (as indeed 
they are) and the efficiency may well exceed 8o per cent. Now if these stills 
are converted into double effect vessels it is quite obvious that the efficiency 
will have been approximately doubled and must exceed loo per cent. For better 
or worse therefore this method of expressing performance efficiency is used in 
this Chapter. 
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Many engineers object to any efficiency figure over 100 per cent. They 
compromise with their consciences by dividing by 100 and calling the amwCT 
the Coefficient of Performance This question is discussed again in 
Section 768. 

475 , TRIPLE EFFECT. Fig. 282 shows a triple effect arrangement. The 
heat distribution throughout is shown. This has been ascertained by starting 
with I lb. of 54 psi steam, working through the plant and then reducing all 
quantities to give i lb. of evaporation. The total temperature drop is still 
302 — 212 == 90° F. which must now be split into three drops of 30° F., giving 
a temperature and pressure of 272° F. and 28*5 psi in the first body and 242° F. 
and 11 psi in the second body. The total steam input has been reduced to 
•500 lb., a saving of 26 per cent, on double effect and 60 per cent, on single 
effect. The net heat used is 385 Btu, a saving of 34 per cent, on double effect 
and 68 per cent, on single effect. The performance efficiency is 292 per cent. 

It will be noticed that from a net heat-usage point of view double effect 
is twice as good as single effect and triple effect is three times as good as single 
effect. From a steam consumption point of view, however, double effect falls 
well short of twice as good as single effect and triple effect is still further from 
being three times as good. The reason for tliis apparent discrepancy is that the 
figures of steam consumption do not take into account the heat retained by and 
returned with the condensate. 

476 . CONDENSATE. There is another benefit apart from heat economy in 
the use of multiple effect, namely, the extra proportion of couflensate produced 
and availalde for boiler feed or i)roccss purposes. The condensate relative to the 
steam used is shown below :— 



Steam 


Excess 


U^ed 

Condensate 

Condensate 

Single effect . . 

•• 1*235 

I • 121 

— 9 per cent. 

Double effect 

•680 

I • 136 

+ 67 per cent. 

Triple effect . . 

•500 

I • 142 

-r 128 per cent. 


The condensate from the first vessel is pure distilled water equal in weight to 
the input steam so that apart from loss by fiash it can look after the boiler feed. 
The condensate from the other vessels is distilled water, possibly slightly con¬ 
taminated by the solute in the solution being evaporated. 'This contamination 
may preclude its use as boiler make-up but almost certainly is no bar to its use 
for process purposes. 

I'hcre are many industries where distilled water for process would be very 
valuable. These industries may deplore their lack of distilled water, yet their 
plants may be peppered with reducing valves. A reducing valve can often be 
replaced by an evaporator which can produce distilled water for practically 
no cost other than capital interest. In many factories steam is raised at 60 psi 
and used at 10 psi. The corresponding temperature drop is 68° F. This is 
ample drop for a quadruple effect Still which will produce distilled water of 
about three times the weight of steam passed through it. 

477 . LOSSES. The loss by radiation and convection from a well lagged 
evaporator is very small. There are few published convection and radiation 
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loss figures. The most frequently quoted are those taken by Kerr referring to a 
multiple effect sugar liquor evaporator. They are :— 


Number of Effects 


2 

3 

4 


Per cent. Initial Steam Lost 
by Radiation 

Unlagged Well Lagged 


i*o6 *26 
4*20 1-05 
9•8o 2*70 


It is important that the first effect should be well lagged because any heal 
lost in the first vessel is lost in all vessels. It would have done its stuff in multiple 
effect. The lagging can be progressively less elaborate towards the final effect. 

Another loss is caused by the necessity for venting the heating surfaces to 
remove air or other incondensiblc gases. Ammonia is commonly found in 
sugar evaporators. Air venting is generally done by a small snifting pipe 
blowing from one heating surface to the next, by simply blowing into the vapour 
space. This loss, unlike radiation loss, is not a multiple effect loss. Any steam 
blown over with the air only loses one effect. But in an endeavour to make sure 
of adequate venting a great amount of steam is often wasted this way. It may be 
better to vent the heating surface by means of a thermostatic air vent device. 
If the pressure inside the heating surface is below atmospheric pressure, the 
thermostatic vent must discharge into the vapour space which will be at a lower 
pressure (or higher vacuum) and will therefore permit the escape of the gas. 


478 . NUMBER OF EFFECTS. The number of effects installed is often 
limited by too great a consideration of first cost. This may be short-sighted. 
Heating surface is one of the cheapest and most paying of investments and the 
number of effects should be decided on technical grounds coupled of course 
with financial prudence. The chief limit to the number of effects is that imposed 
by the Boiling Point Elevation of concentrated solutions. Thus a 70 per cent, 
sugar solution has a boiling point elevation of approximately 9° F. ; a 70 per 
cent. KOH solution has a B.P.E. of 225° F. Now the temperature drop across 
the heating suriacc must be so and so, but the vapour coming off the solution 
condenses in the heating surface of the next effect at the water boiling point 
corresponding to the pressure under which it was produced. T'his sets 
a practical limit to the number of effects that can be operated for a given total 
temperature drop. The limit in the sugar industry is about six effects while for 
evaporating caustic it is occasionally possible to use as many as three effects. 
The other limit is the necessity for maintaining a vigorous circulation. Good 
circulation greatly increases the rate of heat transfer and hence the rate of 
evaporation. It also prevents overheating which can occur in the bottom of an 
evaporator where the hydrostatic head of the liquid raises the boiling point with 
possible damage, especially to organic products. In the case of a water Still 
the snag of boiling point elevation is entirely absent. There is less increase of 
viscosity to slow up circulation and there is no reason why a water Still should 
not operate with temperature drops of 5® F. Temperature drops of 9® F. or 
10® F. are not unknown in the sugar industry where boiling point elevation, 
viscosity and damage due to overheating of a stagnant organic product are 
all present dangers. 
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Before considering the most important part of the multiple effect technique 
there are a few points that must be cleared up, namely the temperatures over 
which the plant should operate and the distribution of the temperature drop 


in 

O S 





< 


479. DISTRIBUTION OF TEMPERATURE DROP. It has SO far bccn 
assumed that equilibrium is reached by an equalisation of the temperature drops 
across each vessel. By adjusting the relative heating surface areas any desired 
split of the temperature drop can be obtained. This may well be desirable. 
At the cool end of the plant the evaporation may be too slow with the temperature 
drop that gives satisfactory rates of evaporation at the hot end. Let us see what 
the effect is of changing the proportions of the temperature drop. 
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In Fig. 283 it is assumed that the heating surfaces are so proportioned that 
equilibrium occurs with equal pressure drops. This gives the following 
distribution. 


First 

Second 

Third 


Heating Surface 

Pressure. Temperature. Pressure. 

54 psi. 302 °F. 36 psi. 

36 psi. 282 °F. 18 psi. 

18 psi. 256°F. o psi. 


Body 

Temperature 

Temperature. 

Difference. 

282°F. 

20®F. 

256°F. 

26‘»F. 

2I2®F. 

44 °F. 


The input steam is -506 lb. and the performance efficiency is 286 per cent. 
—almost as good as in Fig. 282. The reason it is not quite so good is that a 
smaller proportion of the evaporation is done in the last effect, so that the 
application of the multiple effect principle is not quite so perfect. This is 
possibly unexpected. It might have been thought that a bigger temperature 
drop would have given greater evaporation. The reason this is not so is that 
only latent heat is transferred during evaporation, and the greater the tempera¬ 
ture drop the greater the latent heat difference. 


480 . TEMPERATURE RANGE. The temperature range over which a 
multiple effect evaporator works is conditioned by several factors, the physical 
properties of the material being treated, for example. Thus milk or cane sugar 
juices call for low temperatures. Paper waste liquors, most inorganic salts and 
sugar beet juice can tolerate higher temperatures. The other factor of most 
common importance is that evaporators are almost always operated on the 
exhaust steam from the power producing engines, turbines or pumps. In order 
to keep the back pressure low the evaporator usually works over a low tempera¬ 
ture range. 

Fig. 284 shows a triple effect with the same 30® F. temperature drops as in 
Fig. 282 but operating between atmospheric pressure, 212 °F. and 26 J in. vacuum, 
122® F. The efficiency is 360 per cent, as compared to 292 per cent, in Fig. 240, 
the pressure plant. The reason the efficiency is higher is because the latent 
heat at low temperatures represents a greater proportion of the total steam 
heat than at higher temperatures. As only the latent heat is transferred during 
evaporation, it follows that the efficiency will be higher when the latent heat 
represents a greater proportion. The difference between the latent heat and 
total heat all goes into the condensate and at high temperatures much of this 
heat is lost by flash. In the vacuum plant not only does less heat go into the 
condensate but the condensate is at such a low temperature that there is no 
flash at atmospheric pressure, so that all the heat in the condensate returns. If 
the heat and flash in the condensate could be economically used it might be 
possible to make the pressure plant reach the efficiency of the vacuum plant. 
As will be seen later the pressure plant has many thermal advantages so the 
various ways in which its efficiency can be improved must be investigated. 

481 . FEED ARRANGEMENTS. In Figs. 282, 283 and 284 each body was 
fed direct with its quota of liquid to be evaporated. This is called ‘‘ Parallel 
Feed Let us see what happens when the feed is all put into one vessel and 
passed in succession to the others. When the feed is all put into the first body, 


471 



§48i THE EFFICIENT USE OF STEAM: CHAP. I? 

that is to say when it travels in the same direction as the heat flow it is called 
“ Forward Feed When it is all put into the last body and goes against the 
heat flow it is called “ Backward Feed 

Figs. 285 and 286 show the heat distributions in the two feed arrangements. 
The method of finding the heat distribution in Fig. 285 cle2irly cannot be the 
same as hitherto. We cannot put in i lb. of steam and let the amount of 



feed sort itself out We must put in ^ lb. of feed. Or we can put in lb. of 
steam and i lb of feed. But, in fact, there is no need to take jr of anything if 
we take i lb. of reject vapour and work backwards. In Fig. 286 we can tdce 
m I lb. of virgin steam and work forwards as before, and then reduce aU the 
figures proportionately to give i lb. of evaporation. 
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Forward feed in Fig. 285 takes *564 lb. of steam, uses 460 Btu and has a 
performance efficiency of 244 per cent. Backward feed in Fig. 286 takes • 434 lb. 
of steam, uses 306 Btu and has a performance efficiency of 367 per cent. Why 
is Parallel feed better than Forward feed and why is Backward feed better than 
either ? In Forward feed. Fig. 285, the whole of the feed is heated by means of 


*n 
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virgin steam in the first effect. There has been no re-use of latent heat for 
feed heating. It is also clear that all the feed has been raised to the high tempera¬ 
ture of the first body, but this extra heat is given off as flash, or self evaporation, 
in the other two bodies so that the flash in the second body acts in double 
effect in the third vessel. In parallel feed, Fig. 282, only the • 398 lb. of feed 
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that is evaporated in the first body is heated up wdth virgin steam. The feed 
to the second and third bodies is heated by second hand and third hand latent 
heat. In the backward feed, Fig. 286, the only feed heating done by virgin 
team is the heating of '410 lb. of feed from 242° F. to 272“ F. The whole of 



the feed is heated to 212° F. in the third body with third hand latent heat, and 
Ae feed to the second and first bodies is heated to 242° F. by second hand heat 
in the second body. This is a pretty example of one of the fundamentals of 
heat economy technique. Use low grade latent heat for sensible heating and do 
it in cascade, reserving virgin heat for the final touch. 
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482 . CHOICE OF FEED METHOD. Now it is most unfortunate that Other 
considerations frequently compel the adoption of forward feed. For example 
sugar liquors can tolerate fairly high temperature for a short time in dilute 
solution but they rapidly deteriorate if raised to high temperature in concen¬ 
trated solution. Almost every multiple effect sugar liquor evaporator works on 
forward feed for this reason. The other great practical benefit of forward feed 
is that only one feed or extraction pump is required as the feed flows naturally 
from vessel to vessel by reason of the pressure difference. In backward feed a 
pump is needed for each effect. 

483 . VAPOUR FEED HEATING. As forward feed is thus imposed in many 
cases, what can be done to improve matters ? Apply the technique just described, 
namely, the use of latent heat in cascade for sensible heating. This calls for a 
series of feed heaters in the vapour pipes. Fig. 287 shows the lay-out and heat 
distribution. It is clearly impossible to work out the heat distribution by simple 
arithmetic. It is necessary to take in i lb. of feed and x lb. of steam. A long, 
tiresome, but quite straightforward analysis will give the solution. 

What has been achieved ? Something pretty wonderful. The steam has 
been reduced to *364 lb., the net heat usage reduced to 223 Btu and per¬ 
formance efficiency is raised to 504 per cent. Why is the result so much better 
than backward feed ? In backward feed, Fig. 286, the first heat that the feed 
receives is from second effect vapour. In Fig. 287 the first heat the feed receives 
is from third effect vapour. In Fig. 286 the final feed heating is done by virgin 
steam. In Fig. ",87 the final feed heating is done by first effect vapour. The 
feed heating in Fig. 287 is one effect better all the way through than in Fig, 286. 

It may be objected that there is no temperature drop allowed for across 
the vapour heaters. If the liquid velocity is kept fairly high and the liquid is 
not too viscous, the temperature drop is not really appreciable. In cases 
where water is heated in such vapour heaters no appreciable temperature drop 
has been noticed. The conditions arc not comparable with those of a turbine 
condenser where it is absolutely essential to effect complete condensation. Here 
the aim is to effect the maximum heating to the cooling medium, not the maxi¬ 
mum cooling to the heating medium. 

Fig. 287 is the exact arrangement claimed by Lillie in 1888 when he patented 
an early film evaporator. Lillie claimed that his vapour heaters could either be 
used in cascade as feed heaters or could be used for heating any convenient 
liquid either in stages or independently. Like Rillicux’, Lillie’s wonderful 
invention has been sadly neglected except in a few industries. 

One thing more can be done to improve the heat economy. The condensate 
is being allowed to waste valuable potential and heat energy in flashing uselessly 
to atmosphere. 

484 . CONDENSATE HANDLING. Fig. 288 shows the method of using the 
flash from the condensate and of returning the condensate under pressure for 
boiler feed without permitting atmospheric flash. The flash from the first 
effect heating surface is taken from a flash pot into the vapour entering the 
second effect heating surface. The remaining first effect condensate and 
the second effect condensate are piped to a flash pot whence the flash goes into 
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the vapour entering the third effect. The first flash is operating in double effect. 
The condensate at 11 psi is returned under pressure for boiler feed from an 
11 psi closed hot well. The surplus condensate discharging into an open hot well 
flashes to atmosphere. The working out of the heat distribution is long, but 
such investigations are well worth while. The steam consumption has been 
reduced to *348 lb. and the net heat usage to 193 Btu giving a performance 
efficiency of 582 per cent. 

485 . THE IMPORTANCE OF SENSIBLE HEATING. This result is SO 
remarkable that it merits detailed study. Forward feed in Fig. 285 gave a 
performance efficiency of 244 per cent. This has been more than doubled by the 
simplest of technique, and comparatively simple plant. It must be noted that 
most of the increase in performance was obtained by simple hanky-panky 
with the sensible heating and is more than the increase obtained by going from 
single to double effect. Now this is the real lesson to be learnt. It is the sensible 
heating that really matters. No great plant is needed for correct sensible heating. 
It can be done, if the correct technique is applied, in hundreds of plants all over 
the country. 

It may well be remarked that all the beautiful gain in sensible heating is 
due to the fact that in all the examples just considered the feed has been brought 
in at 60° F., whereas in practice the feed will have entered the plant hot from a 
previous process. How did the feed get heated in the previous process ? Answer 
regrettably adjudged correct—by virgin steam ! The raw water, process liquor 
or whatever it may be could have been passed through the evaporator vapour 
heaters instead of the feed. This marriage of unrelated processes is one of the 
most efficacious sources of steam economy. 

193 Btu has been used in Fig. 288 to heat i lb. of liquid from 60° F. to 
boiling point and then evaporate it. The sensible heating accounted for 152 Btu 
leaving only 41 Btu to do 970 Btu worth of evaporation. This points the 
fundamental and valuable lesson : “ Whenever evaporation can be done at a 

temperature high enough to allow vapour to do sensible heating, correct 
technique will enable the evaporation to be done almost free.” This may 
sound a tall statement, so published authentic figures will now be given to 
show how very true this statement is. 

486 . MULTIPLE EFFECT EVAPORATION IN A BEET SUGAR 
FACTORY. A beet sugar factory operates through the winter on beets that 
may be at freezing point. 

The beets are cut into shreds and the sugar is extracted by diffusion in hot 
water, the diffusion being carried out at about 170° F. 

Taking the specific heat of beet as -87, it will take 120 Btu to heat i lb. 
of beet to process temperature. 

For every i lb. of beet processed, i * 25 lb. of juice leaves the diffusion battery. 

This juice contains about 82 per cent., or i -025 lb. of water. 

This wintry water has to be heated to diffusion temperature, requiring 
142 Btu. 

The I -25 lb. of juice, having a specific heat of say -9, must be heated to the 
temperature of the first effect of the evaporator, say 240° F., calling for 79 Btu. 
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Of the 82 per cent, of water in the juice some 8o per cent, must be evap)oratcd 
(2 per cent, going into the molasses). This requires 975 Btu. 

Thus the theoretical heat requirements of a beet factory without making 
provision for any heat or dilution losses or for any of the many other processes is 
120 + 142 + 79 + 975 == 1,316 Btu per lb. of beet. 

Of this, 341 Btu is sensible heating. 

In 1937 particulars were published of a beet factory which was operating 
on the following basis :— 

Goal used per cent. Beet . . .. .. . . 4*42 

Calorific Value of Goal . . . . .. . . 12,450 Btu/lb. 

Boiler Efficiency per cent. .. . . . . 7 ^ * 43 

This means that the heat taken into the factory from the boiler house per 
pound of beet was : — 

•0442 X -7045 X 12,450 == 386 Btu. 



If 341 is the minimum “ bogey ” sensible heating, it only leaves 44 Btu to do 
975 Btu worth of evaporation and look after all the losses. This particular 
factory has a quadruple effect pressure evaporator with a beautifully arranged 
system of cascade juice and liquor heaters, while the steam supply for the vacuum 
pans is taken from the vapour off the second effect of the evaporator, thus making 
the pans third effect vessels. The lay-out of this factory is shown in Fig. 289, 
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which gives the temperature and amount of steam passing to each piece of 
plant. This is quite a perfect example of applied heat technique and confinm 
the thermal slogan “ Look after the sensible heating and the evaporation will 
take care of itself” 

487 . COMPARISON OF TECHNIQUE. Fig. 290 shows the same factory 
as is shown in Fig. 289 but without the Sensible use of Latent Heat Each 
steam user is supplied with virgin steam. The amount of steam used is 1,366 
compared with 386 in Fig. 289, or 3 J times as much. The design of an evapora¬ 
tor which has steam bled or passed out from each evaporator body is clearly 
not at all straightforward. It will be discussed very briefly in Section 493. 
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FIG. 290. HOW A BEET SUGAR FACTORY SHOULD NOT BE DESIGNED 


Every industry, in fact each factory, has its own particular problems and 
limitations. This book cannot presume to teach any factory its business, but 
it can and it is hoped that it will promote and stimulate thought, interest and 
investigation. It may be that multiple effect evaporation is not applicable 
because there is no need for any evaporation. It may be that it cannot be used 
because of difficulties caused by scaling or boiling point elevation. But there is 
hardly a factory that cannot find some way of using second hand latent heat 
for sensible heating, and that is “ m effect ” simply what multiple effect 
technique does. 

488 . IMPROVED SINGLE EFFECT WORKING. The sensible heating 
technique that has been applied with such success to the triple effect can of 
course be applied to double and single effect. Fig. 291 shows what can be 
done with single effect. The performance efficiency has been increased from 
90 per cent, to 116 per cent, by using latent heat a second time in what purports to 
be a single effect plant. 

It is not necessary to describe the application of correct technique to double 
effect. It may be pertinent to remark here that the proud possession ol a triple 
effect evaporator does not automatically ensure thermal efficiency. It is 
the correct application of the re-use of latent heat to sensible heating that 
brings the steam savings. 
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489 . OPERATING TEMPERATURES. It has already been pointed out that 
the operating temperature range of an evaporator is frequently conditioned by 
the material being processed. But wherever possible the temperature range 
should be chosen on thermal considerations alone. If the argument has been 
followed thus far it will be obvious that operation over such a temperature 
range as to enable much sensible heating to be done by vapour is much more 
important than the temperature at which the final vapour is rejected. The 
difference in total heat in vapour at atmospheric pressure and 26 in. vacuum 
is only 3 per cent. Vapour at 212° F. is first class heating medium while 
vapour at 122° F. has poor heating value. In fact one can go further and say 
that in many cases, if the temperature range is reasonably high, there will be 
so much good sensible heating waiting to be done by the hot vapour that little 
or none need be rejected, but if the operating temperature is low the cool 
vapour is only usable for preliminary warming and much of it must be rejected. 


FEED 

1-000 

«0*F 

( 28 ) 



FEED (289) 

FIG. 291. SINGLE EFFECT EVAPORATOR WITH VAPOUR FEED 
HEATING. PERFORMANCE EFFICIENCY: Il6 PER CENT. 


490 . POWER GENERATION COMPARED TO EVAPORATION. It is 
almost universal practice in process factories to generate steam at moderate 
pressure, to pass the steam through a back pressure turbine, engine or pump, 
producing the necessary power and to do any process heating or evaporation 
with low pressure exhaust steam, the evaporation usually being carried out 
under moderate or high vacuum. There is much to be said for reversing this 
practice. That is to say, wherever possible, doing the evaporation in pressure 
evaporators and using the reject vapour for power generation. There is more 
power energy available from steam at atmospheric pressure expanding through 
a turbine into a 27J in. vacuum than there is in steam generated at 100 psi 
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expanding through a prime mover to exhaust to atmosphere. But the best 
way of generating power is “ another story ” and has already been dealt with 
in Chapters 2 and 3. 

It is however important to get clear thinking as to the similarities and differ¬ 
ences between evaporation and power generation. Evaporation by steam is 
the transfer of latent heat. Power generation is the conversion of sensible heat 
into mechanical energy with the rejection of the latent heat. (This statement 
is loose and any thermo-dynamist—or any zealous reader who has got as far 
as this—is at liberty to take exception to it, but it is quite near enough the mark 
to point the present argument). It follows therefore that for power generation 
the latent heat should be rejected at as low a temperature as possible, when the 
greatest heat drop has been effected. In evaporation the final rejection of the 
latent heat can be done at any temperature that other conditions demand. 
A glance at the steam table will show that it makes little difference whether 
the rejection temperature is moderate or very low. If proper technique is 
used, the reject heat will be used for sensible heating, and, if the temperatures 
are well chosen, there may be no latent heat to reject. 

On the other hand there are marked similarities between an evaporator 
and a turbine. A back pressure turbine where the exhaust is used is much more 
thermally efiicient than a condensing turbine. A back pressure evaporator is 
much more efRcient than a condensing evaporator. The efficiency of a turbine 
can be greatly increased by bleeding and stage feed heating. The efficiency of 
an evaporator can be greatly increased by vapour bleeding and stage feed 
heating. 

491 . LIMITATIONS. The conditions, set out in Section 470, which have 
governed all the foregoing examples, are somewhat idealised. In practice the 
efficiencies given for multiple effect working will never be reached for a variety 
of reasons ; for example, the liquids handled industrially are never pure 
water and only a certain percentage of the liquor is evaporated as water vapour. 
Even when making distilled water some of the original feed containing the 
unwanted impurities is discharged as blowdown. In consequence slightly more 
vapour must be used for heating the feed and slightly more steam per pound 
of water evaporated than the ideal figures indicate. 

Many industrial liquors have scaling properties. This results in it being 
necessary to keep the temperature drop across each effect above a certain 
minimum in order to obtain a reasonable output from a dirty, scaled plant. 
This immediately limits the number of effects that can be employed—in 
extreme cases only single effect is possible. 

It is not usually possible to heat the feed in vapour pre-heaters to the same 
temperature as the heating vapour ; the liquor temperature will generally 
be a few degrees below the vapour temperature. 

Another limitation is imposed if the liquors are corrosive. For example it 
may be necessary to construct the plant of nickel or stainless steel. It must be 
realised that a double effect is twice as big as a single effect—multiple effecting 
exactly multiplies the size of plant. In such circumstances financial considera¬ 
tion may be such as to preclude the use of multiple effect. The vapour also 
might be corrosive which would not only damage the plant but give unsatis¬ 
factory condensate. 
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492 . BOILING POINT ELEVATION. Liquids with high boiling point 
elevations also severely restrict the scope of multiple effect evaporation. Suppose 
we have steam at 5 psi.g. and we are prepared to provide water and vacuum 
pump capacity to produce a vacuum of 26 in. We give ourselves an available 
temperature drop of 227 — 125 == 102° F. Suppose we decide that it is econo¬ 
mical to provide heating surface to work with a temperature drop of about 
30® F. across each effect. This means that we can operate a triple effect plant 
as shown in Fig. 292a, on the assumption that the liquid to be evaporated has a 
negligible Boiling Point Elevation. 




FIG. 292. EFFECT OF BOILING POINT ELEVATION 


But if the liquid is to be evaporated to a considerable concentration it may 
have a high boiling point elevation. (For further discussion of Boiling Point 
Elevation see Section 778). Suppose that the concentration and physical 
properties are such that the B.P.E. in the last effect is 28° F. and in the second 
effect 5° F. We now get the conditions shown in Fig. 292b if there is an equal 
temperature drop over each effect. 

The effective temperature drop is 102 — 28 — 5 = 69°, and the effective 
drop over each effect is now only 23° F. 

It does not matter whether the vapour comes off the boiling liquid super¬ 
heated or not. The vapour can only condense and give up its latent heat at 
the temperature corresponding to saturation pressure. 

So that we are either forced to make the plant much larger to compensate 
for the reduced temperature drop or we must abandon triple effect and go to 
double effect. 
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Some solutions, such as very concentrated caustic, have such a high B.P.E. 
that the temperature drop of 102® F. that we have been considering, will be 
insufficient to overcome the boiling point elevation and such solutions could not 
be boiled with so small a temperature drop. For example, a 60 per cent, 
solution of caustic soda or a 55 per cent, solution of caustic potash each have a 
B.P.E. of over 102° F. so that with steam at 5 psi and a vacuum of 26 in. such 
solutions could not be made to boil. 

These are some of the limitations that may await the uninitiated, so that 
expert advice should always be sought. 

493 . THERMO-COMPRESSION. There is another method of re-using 
latent heat which, although of rather limited application must not be over¬ 
looked ; this is the boosting of low pressure vapour, or exhaust steam, up to a 
slightly higher pressure by mixing it with high pressure steam in a suitable 
injector—see Fig. 293. The resulting mixed steam has a pressure higher than 
the original vapour and can therefore be used again. This is called thermo¬ 
compression and can be done with great efficiency when the right conditions 
exist. These conditions are that the steam or vapour to be boosted should be 
at or about atmospheric pressure, and that only a very small increase of pressure 
should be attempted. 

Suppose an evaporator is taking 5 psi steam and is evaporating under 
atmospheric pressure, then 3 lb. of vapour at atmospheric pressure can be 
brought back to the injector, where 2 lb. of 150 psi steam will boost the 5 lb. 
mixture to 5 psi. In other words, where 5 lb. of vapour is being evaporated, 
3 lb. can circulate round and round indefinitely. Two pounds at 150 psi are 
used and 2 lb. of atmospheric vapour are rejected to do 5 lb. of evaporation, 
which is not very far short of the performance of a triple effect evaporator. 
Under such circumstances plant that costs little more than single effect has 
nearly the same efficiency as a triple effect plant of nearly three times the cost. 

Apart from the narrow limits of vapour pressure within which thermo- 
compression is applicable the great disadvantage is that high pressure steam 
must be used. 

Thermo-compression may have a useful application in the evaporation of 
certain organic products, fruit juices, hormone extracts, etc., which are so 
susceptible to temperature that they cannot stand the higher temperatures 
called for by multiple effect evaporation, and which must therefore be evaporated 
in single effect at high vacuum ; but these conditions do not make for efficient 
working of the injector. 

The other obvious application of thermo-compression is where an evaporator 
is fed with steam that has been blown down from a high pressure through a 
reducing valve. The pressure reduction should be done in an injector so that 
the entropy increase can give a good account of itself in doing some thermo¬ 
compression, and, with little or no cost, add the equivalent of one or perhaps 
two additional effects to the plant. 

Thermo-compression must not be confused with steam circulation, which is 
discussed in the next Chapter. Steam circulation uses an injector to speed up 
the steam that is already in a steam space. Thermo-compression uses an 
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injector to draw vapour off the boiling liquid and raise its pressure to that of the 
steam in the steam space. 

A turbo-blower can be used instead of an injector, but the power consumption 
is very heavy, and, unless the conditions are very favourable (the favourable 
conditions are the same as those for a steam injector—namely very small 
pressure increase and pressure around atmospheric) the cost is generally out of 
the question, see Fig. 294. A turbo-compressor is many times more costly 
than an injector and calls for skilled maintenance. 



FIG. 293. THERMO-COMPRESSION 
WITH INJECTOR 


FIG. 294. THERMO-COMPRESSION 
WITH TURBO-COMPRESSOR 


There is a distinct possibility that turbo-compressors may have a con¬ 
siderably improved future, because great improvements in their efficiencies 
have taken place in the last few years as a result of the development of the gas 
turbine. Some machines are stated to be nearly 90 per cent, efficient. The 
following example of the turbo-compression of steam has been reported :— 


Amount of steam compressed 
Inlet temperature 
Outlet temperature 
desuperheated to 

Driving turbine steam consumption 
,, ,, ,, inlet .. 

,, „ „ exhaust 


165,000 lb./hour 

215 °F. 

228 °F. 

221 °F. 
33,000 Ib./hr. 
255 psi. 

18 psi.g. 


This turbine steam consumption seems very small, but then so is the degree 
of recompression. The author’s brother has suggested that part of the 
evaporator vapour be bled off to drive the compressor turbine. This should 
give a steam consumption equal to that in the above example and the steam 
can be low pressure. 

494 . MULTIPLE EFFECT ANALYSES AND DESIGN. Fig. 295 shows 
the method of analysing the heat and quantity distribution in an advanced 
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triple effect installation. The method will not be described in detail ; it can 
be followed from the diagram. The figures in italics are the figures that arc 
known before the amount of steam has been ascertained and can therefore be 
written straight in. It should be realised that different lay-outs will require 
different analytical approach and no single method of attack is universally 
applicable. 

There is however one useful hint that can be given. It is very easy in such 
long analyses to make a small arithmetical error which if undetected may 
operate “ in multiple effect The certain prevention of such mistakes is the 
checking of the heat and weight balances over each piece of plant as it is 
dealt with. 

Take the first evaporator body in Fig. 295 :— 


Input. 


Weight 


Heat 


Steam 

Feed 

I 

X 

(241) 

(ijiSox-) 


I + 

X 

(241 

+ i,i 8 ox) 

Output 

Vapour . . 

Feed 

Condensate 

I — 

•977^ 

*977^ 

X 

(241 

(i,i44Ar) 
~ 235Ar) 

(syix) 


I + 

X 

(241 

+ I,l 8 ojr) 


In the beet factory illustrated in Fig. 289 wc can see that the design of a 
multiple effect evaporator which will do the necessary evaporation and supply 
the other processes with the correct amount of steam at the necessary tempera¬ 
tures without wasting any steam is a most complicated affair. 

The first thing to do is to make an approximation. After the approximation 
has been made it can very easily be corrected lor the things that have been 
ignored and omitted in the first estimate. We must of course assume that wc 
have experience of the process that we are dealing with. Assume that each 
pound of beet will give us juice from which we must evaporate, in the evaporator, 
the equivalent of about 966 Btu of evaporation. Assume that tlie remaining 
evaporation, that must be done in the pans, is equivalent to about 120 Btu 
of evaporation. Assume that the sensible heating that must be supplied to the 
juice in its various preliminary processes is about 265 Btu. These are the figures, 
say, that good technique has shown to be needed with the particular process, 
using the particular beets in a certain part of the country. 

If we draw a diagram something like Fig. 296, we can fill quite a lot of the 
figures in straight away. We must assume that we are going to use a pressure 
evaporator so that all the vapours will be hot enough to do good heating, and 
we will assume that we evaporate pound for pound. With proper flash 
collection this is quite near enough—see Fig. 288. The process requires 120 
+ 265 = 385 Btu/lb. beet. So, as we are going to waste nothing, this is the 
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amount of steam heat we must put in. Now the main steam users must draw 
the bulk of their supplies from the second and third bodies. The fourth is too 
cool for many purposes. We want to take as little first effect vapour as possible 
because that robs us in multiple effect. We can only use fourth effect vapour 
for heating the raw juice that has just come from contact with the cold beets. 
This heater can take about 60 Btu. The only material that need be heated by 
first effect vapour is the thin juice entering the first body. This heater will call 
for about 25 Btu. The second body must provide the pan steam 120 and we will 
try taking 50 additional heat units from it. The remainder 385 — 25 — 60— 
120 — 50 = 130 we must take from the third body. We therefore wite these 
output figures in in Fig. 296. We put 385 heat units as steam into the first body. 



FIG. 296. 


We shall lose some heat due to the lower total heat in the vapour off. So we 
will estimate the evaporation at 380. We are going to take 25 in the thin juice 
second heater so that leaves 355 to go into the second effect. We shall get flash 
from the first effect condensate and flash from the feed so we will assume that 
we get 360 off the second body. We are taking 170 of this to process leaving 190 



to go into the third heating surface. Assuming 195 comes off and that we take 
130 to process we are left with 65 for the fourth heating surface. We will guess 
that with the flashes we shall get 70 off the fourth body which is 10 more than 
we want. What evaporation has been done ? 380 + 360 + 195 + 70 = 1,005. 
We have done rather too much evaporation, so we can afford to take a little 
more second body vapour than we have done and we are safe to make a rather 
more detailed estimate of the requirements. A little trial gives us Fig. 297. 





MULTIPLE EFFECT EVAPORATION 


§494 

As the density of the juice will vary with the season, with beet from different 
parts of the district and with the excellence or otherwise of our diffusion battery 
technique, there must be some flexibility. This can be achieved by adding a 
small fifth body which can be used in emergency if the juice is extra thin. 
Suppose we need to do 20 extra units of evaporation. With a fifth body this 
will operate in quintuple effect so that we shall only need to take in about an 
extra four of live steam and we shall only need to discard about four to the 
condenser. This is a very safe way of giving flexibility but it is wasteful. 
It is shown dotted in Fig. 297. 

There is another and better way. That is to provide generous pan capacity 
so that in emergency some of the pans can take third body steam. Or all the 
pans can take third body steam part of the time. In Fig. 298 it is assumed that 
between a third and a quarter of the pan steam is being taken from the third 
body instead of the second. This gives the same heat to the process, but gives 
us an evaporation of 1,004 instead of 966. 



Suppose things are going very well and that the juice is fine and thick and 
does not need so much evaporation. We can transfer some of the juice heaters 
from third to second body vapour. Fig. 299 shows the effect of transferring 
50 units of heating. The same steam is passed to the process but the evaporation 
is reduced to 916. 



FIG. 299. 


Another way is shown in Fig. 300. A bye-pass is provided between the second 
and third vapour mains and 50 units of steam are bye-passed. By providing 
such bye-passes between each effect great flexibility is secured. 
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Of course there are all kinds of corrections that have to be applied afterwards. 
All the way through the plant the specific heat of the juice is changing. All 
the flashes must be properly worked out. Radiation losses must be properly 
estimated. The foregoing little description does show the way in which these 
kinds of problems can be tackled without any complicated formulae or great 
scientific learning, but they can only be tackled approximately. The ex¬ 
perienced expert is needed to produce the finished scheme. 



FIG. 300. 


495 . MULTIPLE EFFECT BLOWDOWN EVAPORATOR. The following 
two examples are given to show possibilities and to show what remarkable 
results may be obtainable. Such applications in practice may be very 
limited. 

In Section 400, Chapter 14, a description of a compound flash heat recovery 
from high pressure blow down was described. It was shown that from 1,000 lb./ 
hour of blowdown at 650 psi we could recover :— 

Steam .. . . . . .. 221 Ib./hr. at 70 psi 

Steam .. .. .. .. 64 lb./hr. at 10 psi 

Hot water . . . . . . .. 187 lb./hr. at 180*^ F. 

Leaving only 695 lb./hr. to go down the drain at 212° F. and carrying away 
only 26 per cent, of the original heat. We recovered 74 per cent, of the heat 
with a very small simple plant. 

Now let us apply, not only compound flash, but multiple effect use of this 
flash as well. Let us say that we will flash down to about 100 psi and put this 
flash steam ir^to a multiple effect evaporator for evaporating the remaining 
blowdown. We will use a pressure evaporator and discharge the last effect 
into the 10 psi process main. We will then carry out further compound flashing 
and see what heat we can recover more or less regardless of practical 
considerations. 

Fig. 301 shows an arrangement. The figures are based on i *0 lb. blowdown 
and can be multiplied as requisite. It has been assumed that the heating surfaces 
are so proportioned that there will be a temperature drop of 35° F. across 
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FIG. 301. ANALYSIS OF FOUR STAGE FLASH TRIPLE EFFECT EVAPORATOR ON BLOW-DOWN 
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each evaporator. Working back from the lo psi output from vessel D 
we get :— 


Vessel 


Temperature 

Presstere 




psi.g. 

D 

. . 

239 

10 

C 

. . 

274 

30 

B 

. . 

309 

62 

A 

. . 

344 

110 


Taking each vessel in turn, we get :— 

Vessel -4 is a plain flash vessel into which the continuous blowdown 
at 650 psi is sprayed. The inverted float valve acts as a trap (it can 
equally well be replaced by a trap), to prevent the vessel emptying 
completely and blowing steam. 


I lb. of water at 
I lb. of water at 
I lb. of steam at 
I lb. of steam at 


650 psi contains 
110 psi contains 
110 psi contains 
no psi contains 


.. 485 Btu 

.. 315-5 Btu 

.. 876 • 5 Btu 

,. 1,192 Btu 


of sensible heat, 
of sensible heat, 
of latent heat, 
of total heat. 


The surplus sensible heat in the blowdown at 650 psi entering vessel A at 
no psi is 


485 - 3*5-5 

The flash will be 

876-5 

containing o-1933 X 1,192 
1 he feed from A to B will be i • o — 
containing 485 — 230 


= [*69-5] 

= -1933 lb. 

= (230) Btu. 

•*933 = •80671b. 
= (255) Btu. 


Check Input to A 

lb. Btu 

*•0 (485) 

i-o (485) 


Output from A 
lb. Btu 

•*933 (230) 

•8067 (255) 


Vessel B is the first body of a multiple effect evaporator taking the 
flash steam from A at i lo psi into its heating surface (shown diagrammati- 
cally as a coil—^it should probably be a calandria). To give a 35® F. 
temperature drop across the heating surface will call for a pressure in 
the body of 62 psi. 

Feed at 110 psi has a sensible heat 315*5 Btu/lb. 

Water at 62 psi has a sensible heat 279 Btu/lb. 

Steam at 62 psi has a latent heat 904 Btu/lb. 

Steam at 62 psi has a total heat 1,183 Btu/lb. 


49a 



MULTIPLE EFFECT EVAPORATION 


§493 


The surplus sensible heat in the feed is 

315-5 — 279 = 36-5 Btu/lb. 

Flash will be = •0404lb./lb. 

904 

Flash from • 8067 will be • 0404 X • 8067 = • 0326 lb, 
containing *0326 X 1,183 ~ ( 39 ) 


Input steam from A contains [169] latent heat 
This will evaporate = • 1870 lb. 

904 


containing -1870 X 1,183 ~ 

Total steam from B at 62 psi is 

•1870 + *0326 = 
containing 221 + 39 == 

and -2196 X 904 = 


(221) Btu. 

•2196 lb. 

(260) Btu total heat. 
[198] Btu latent heat. 


Feed from B to C will be 

•8067 — *2196 
containing *5871 X 279 


•5871 lb. 
(164) Btu. 


Condensate will be • 1933 lb. 


containing 

(230) — [169] = 

(61) 

In the flash pot b -0404 Ib./lb. flashes. 
From • 1933 lb. the flash 

will be *1933 X -0404 = 

• 0078 lb. 

containing 

•0078 X 1183 = 

(9) Btu. 

Condensate at 62 psi 
will be 

•1933 ~ 0078 = 

• 1855 lb. 

containing 

61 — 9 = 

(52) Btu. 

Total steam to C is 

•2196 -t- -0078 = 

•2274 lb. 

containing 

260 + 9 = 

(269) Btu. 


Check 


Input to B 

Output 

from B 

lb. 

Btu. 

lb. 

Btu. 

•8067 

255 

•2196 

260 

•1933 

230 

•5871 

•»933 

164 

61 

•0000 

485 



I • 0000 

485 



Input to b 

Output from h 

•1933 

61 

•0078 

9 



•1855 

52 


•1933 61 

Vessels C, D, c and d are calculated similarly. 
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We get from D and d an output of • 2906 lb. of steam at 10 psi. 

•6330 lb. of condensate at 10 psi. 
•0764 lb. of blowdown at 10 psi. 

I•0000 


The I o psi steam is useful, but there is still a lot of heat in the condensate 
and blowdown which we must not lose. The condensate is allowed to flash 
to atmospheric pressure in vessel F giving off *018 lb. of flash steam at o psi.g. 
The blowdown is flashed to atmospheric pressure in flash vessel E where it 
gives off *0022 lb. of flash steam at o psi.g. 

These two lots of flash totalling *0202 lb. go into the spray condenser K 
where they put their heat into water. 

The blowdown flash vessel E is fitted with a trap or an inverted float valve 
to prevent its running empty. The flashed blowdown passes through the float 
valve into the flash vessel G connected to the jet condenser H. 

In vessel G the blowdown is flashed to 115° F. giving up *0070 lb. vapour 
at 27 in. vacuum. This vapour is condensed in the condenser H by *225 lb. 
of water at 60® F. 

The warm water from H passes through the barometric leg and atmospheric 
tank and is pumped into the spray condenser K where it condenses the atmos¬ 
pheric pressure flash from vessels E and F emerging as -2522 lb. of water at 

179° F. 

The blowdown, now reduced to • 0665 lb. and 115° F., leaves vessel G, through 
a barometric leg and atmospheric tank, to drain and carries only (6) Btu. 

We can now take an overall balance multiplying by 1,000. 


Input 


1,000 lb. blowdown at 

650 psi containing 

485,000 Btu. 

225 lb. cold water at 

60 °F. containing 

6,000 Btu. 

1,225 


491,000 Btu. 


Output 


290 • 6 lb. of steam at 

10 psi containing 

338,000 Btu. 

615 lb. of distilled water at 212 °F. containing 

111,000 Btu. 

252 • 2 lb. of hot water at 

179 °F. containing 

37,000 Btu. 

66 • 5 lb. of blowdown at 

115 °F. containing 

6,000 Btu. 

1224*3 


492,000 Btu. 

(By using round figures we have introduced a few 

small errors.) 


We have recovered nearly 99 per cent, of the heat in the blowdown and we 
have made over 60 per cent, of make-up distilled water needed to compensate 
for the blowdown. 
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496 . IMPROVED MULTIPLE EFFECT BLOWDOWN EVAPORATOR. 

The arrangement shown in Fig. 301 is complicated and it was arbitrarily assumed 
that we should have a temperature drop of 35° F. across each surface. Vessels G 
and H only recover a theoretical 8 Btu. With radiation loss it would certainly 
not be worth while putting them in. 

Let us approach the problem more realistically. Every vessel must pull 
its weight. We must use our knowledge to design the best possible plant for our 
purpose. Let us assume that in addition to heat recovery our principal aim 
is the production of distilled water for make-up. We will also assume that the 
boilers whose blowdown we are going to deal with are in a power station which 
is working a three-bleed system where the last bleed is at 18 in. vacuum. 

We know, from a comparison of Fig. 283 with 284, that we get a better 
result from an evaporation point of view the lower the pressure over which the 
plant operates. In Section 480 we saw that the smaller the temperature drop 
the nearer do we get pound for pound evaporation. We know that the bigger 
the pressure drop in the first flash vessel the greater will be the quantity of 
flash steam. 

We will therefore give our evaporators generous heating surfaces (they will 
be quite small affairs anyhow) so as to get nearly pound for pound evaporation. 
We will make our last vessel supply the last bleed heater at 18 in. vacuum. 

We see from Fig. 301 that the heat to be transferred in each effect was 
something over 200 Btu per pound of blowdown. 

We are going to do better than this as we are going to flash off more 
steam in the first vessel. We shall therefore base our calculations on a transfer 
of 300 Btu/lb. of blowdown. 

This means that we shall have to transfer 300,000 Btu/hr. in each evaporator. 

From the information given in Section 366 we can assume a heat transfer 
rate of 500 Btu/sq. ft./hr./° F. diff. 

We shall need some 600 sq. ft./ ° F. difference. 

That is 40 sq. ft. with 15° F. drop. 

We must make our plant of reasonable size—toy plant is not very 
practical—^with say 45 sq. ft. of heating surface. 

We shall therefore fix the outside diameter of our evaporators at 24 in. 

We will use nice big tubes. If we put in two rows of 2 in. tubes in the 
calandrias we find we can get in 45 tubes and an 11 in. downtake. See 
Fig. 303a. From Tables XLIX and L we find that 

I tube 2 in. diameter has an area of ’5236 sq. ft. per i ft. length, 
45 tubes 2 in. diameter have an area of 23-56 „ „ „ 

I tube II in. diameter has an area of 2*88 „ „ „ 

The calandria will have an area of 26*44 „ „ „ 

We shall therefore need a calandria 1-71 feet high—say i ft. 9 in. 

It has been assumed in this example that the desired temperature drops 
will be obtained all through the five effects with the same heating surface in 
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FIG, 302. ANALYSIS OF SIX STAGE FLASH QUINTUPLE EFFECT EVAPORATOR ON BLOW-DOWN 
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each. In order to make sure that there will be no undue falling off in per¬ 
formance in the cooler effects they can quite easily be given another row of 
12 tubes. This would increase the total heating surface by 24 per cent. On 
the other hand the central downtake would have to be reduced from 11 in. to 
7 in. This will reduce its heating surface by 4 per cent. So that the net increase 
would be 20 per cent. 

At approximately 15° F. temperature drop over each body we shall get the 
following pressures over the plant. See Fig. 302. 


Vessel 

Temperature 

Pressure 

F 

169" F. 

18 in. vac 

E 

184 

13 in. 

D 

199 

7 in. 

C 

215 

I psi. 

B 

230 

6 

A 

2J4 

12 


As the heating surface is generous and we can conveniently make the plant 
quite roomy, we will save the complication of the flash pots by passing all the 
condensate through each heating surface in turn, and the flashes will take place 
in the steam spaces. 

A loss of about i per cent, of the heat in the input steam to each vessel has 
been taken. 

The feed from body C to body D in Fig. 302 is only • 141. Clearly this 
would be evaporated to dryness in D, leaving all the solids in the blowdown to 
choke the calandria in D. So we bring in enough cold water to make up the 
necessary feed, passing it through feed heaters in cascade as we learnt in Section 
483. Most of the feed heating is in this way done with sixth-hand vapour. 

We took in 1,000 lb. blowdown with 485,000 Btu. 

The final blowdown only contains 5,000 Btu or i per cent. 

We lost 20,000 Btu or 4 per cent, by radiation. 

We did 209,000 Btu of feed heating. 

We produced 1,761 lb. of distilled water. 

A plant such as this could of course be given many more effects, and by 
slightly increasing the heating surface in each the temperature drop could be 
reduced with a corresponding increase in evaporating efficiency. 

If an existing multiple effect evaporator is available the blowdown could be 
flashed into its heating surfaces or could be fed into the first body with the feed. 

Of course if this is done the results will be very much less effective than those 
that have just been considered because make-up evaporators are seldom fitted 
with cascade feed heaters, proper flash arrangements, etc. 

In the author’s factory the blowdown from the high pressure boilers is 
blown into the first body of a quadruple effect water still and its flash acts in 
triple effect before going to process, while the residual blowdown is blown down 
with the evaporator blowdown. 
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We estimated in Section 400 that the heat in 1,000 lb. of 650 psi blowdown 
per hour was worth 100 tons of coal per annum on three shifts. The plant 
analysed in Fig. 302 recovers 95 per cent, of this heat, equivalent to 95 tons 
of coal a year, apart from the value of 175 per cent, of distilled water. With 
coal at 505. per ton the saving is worth about ,(^240 a year. The plant as 
shown in Fig. 303 should not cost more than ;^6oo to £^oo, and therefore 
shows a good return. 

(The plant shown in Fig. 303 is imaginary—the author has never seen one 
like it, but there is no reason why it should not work perfectly well.) 

497 . SELF-REGULATION OF MULTIPLE EFFECT EVAPORATORS. 
Fig. 304a shows a triple effect evaporator producing distilled water while 
acting as a reducing valve between a steam main at 51 psi.g. and one at 10 psi.g. 
It is assumed that the heating surfaces are such that a 20^" F. drop occurs over 
each body when the plant is on full load and is passing 5,000 lb. steam per hour 
to the 10 psi main. The output of the plant is controlled by means of a reducing 
valve on the outlet of the third body. 

In Fig. 304b the reducing valve has closed so as to supply only half the 
previous steam supply. As the plant gives 5,000 lb./hr. with a 20° F. drop 
across each body, the temperature drops must be reduced to about 10° F. to 
give 2,500 lb./hr. This will and must occur automatically as has been explained 
in Section 472. 

In Fig. 304c the reducing valve has been fitted to the input side of the first 
body. Again the temperature drops will even themselves out but now they 
will be over a lower range of pressures. 

The control on the input is not desirable if the evaporator is acting primarily 
as a reducing valve. There is a considerable lag in response and there will be 
a tendency to overshoot and to hunt. If the control is on the outlet of the 
third body the response is immediate and each vessel can operate to some small 
extent as an accumulator. 

498 , WATERLOGGING, In Fig. 304a and b the condensate from the 
heating surfaces is blown by the steam pressure in the last heating surface to a 
height of 44 feet above the bottom of the calandria. When the control is on the 
outlet of the plant minimum pressure in the last calandria occurs at maximum 
load. When the control is on the inlet to the first effect minimum pressure on 
the last calandria occurs at minimum load. In Fig. 304c for example there is 
insufficient pressure to lift the condensate more than about 30 feet. 

Fig. 305 shows a plant where the primary purpose is the production of 
distilled water ; the plant acts as a reducing valve but this is merely incidental. 
The plant is controlled by tlie level of the water in the distilled water tank. 
In this case it is perhaps beneficial to control the inlet in order to get the 
cushioning effect of the heat capacity of the evaporator and so to reduce the 
fluctuations in steam output to the low pressure main that might occur were the 
control on the outlet. By controlling the input, the plant always works at the 
lowest possible pressure, whereas with the control on the outlet the pressure 
will be much higher—compare Figs. 304b and c. As a water Still the position 
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of the control is not very important. If however it is convenient to put the 
control on the inlet, the condensate can reach the tank 44 feet above in spite 
of the desire of the evaporator to settle down in an equilibrium position like that 
shown in Fig. 304c. 

In Fig. 305 the plant is presumed to be on half load with the control on 
the inlet. The plant will try to work with pressure drops as in Fig. 304c. 



FIG. 304. SELF REGULATION OF TRIPLE EFFECT EVAPORATOR 


There will be too little pressure in the last heating surface to lift the condensate 
so that the last calandria will waterlog. As it waterlogs its effective heating 
area contracts, consequently the temperature drop across the diminishing heating 
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surface must increase to pass the input heat. This will increase the pressure on 
the upstream bodies until conditions reach the state shown in Fig. 305. There 
is a 10® F. temperature drop across the first two bodies and there is a 20® F. 
drop across the last body which is half waterlogged and whose calandria is now 
supplied with a sufficient pressure to lift the condensate to the 44 foot level. 
This waterlogging control is a perfectly satisfactory way of working—it has 
operated in the author’s factory for the last eight years. 



Great care must be taken with the design of every waterlogging plant to 
minimise the risk of water hammer. No pipe should run quite horizontally. 
Non-return valves, if fitted, may have to be tried in several positions before 
trouble-free results are obtained. 

499 . RILLIEUX’ EVAPORATOR. Fig. 306 shows the original Rillieux 
triple effect evaporator which was installed in a Louisiana sugar factory in 1843. 
The first effect normally took exhaust steam from the engines driving the cane 
mill. This exhaust could be supplemented when necessary with steam from the 
boilers. The crystallising vacuum pans were supplied with vapour off the first 
body. 

In view of the things one sees in many factories to-day it is almost incredible 
that Rillieux had such an advanced plant working over 100 years ago. 


The multiple effect evaporator is dealt with in a number of text books 
almost all of which try to deal with the analysis by means of formulae. The 
author believes that this is the wrong way of going about it. By the time the right 
formula has been found and the equations solved it is just as quick if not quicker 
to go about it by simple reasoning and simple arithmetic as has been done 
in this chapter. 

The important point about multiple effect evaporation is the proper use 
of the output vapour for sensible heating, the bleeding off of vapour for sensible 
heating after it has done several evaporations and the proper heating of the 
feed by cascade vapour heaters. 

♦ ♦ « 
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CHAPTER 18 


STEAM CIRCULATION AND PRESSURE 

HOT WATER 

And to thy speed add wings. 

MILTON. Paradise Lost, 1663. 

WHERE the flow of steam inside a heating surface is sluggish, heat transfer is 
often unsatisfactory. Among the plants that suffer from this trouble arc :— 
All kinds of drying cylinders. 

The platens of presses. 

Long-pipe heaters. 

Some textile tentering machines, etc. 

Steam circulation and pressure hot water each make their own contribution 
towards helping heat transfer in such plants. In some cases their use, in place 
of orthodox steam systems, may bring about a dramatic improvement. 

500. LONG-PIPE HEATERS. Steam circulation is, as its name implies, 
the movement of the steam round and round a steam space at a speed greater 
than the natural flow due to condensation on the heating surface. 


STEAM 

supply' 


-»Xl= 


c 


G 


TRAP 


.OSI 


•V 


BYE PASS 


3 


FIG. 307 . LONG PIPE HEATER 


Suppose we have a long steam heating coil in an oil tank, shown in the 
notional diagram Fig. 307. As oil is viscous and convection currents form within 
its bulk with great reluctance, the heat transfer rate is very low. 

Suppose the coil is a 2 in. pipe 500 feet long. 

Its outside surface (Table XLIX) will have an area of about 300 sq. ft. 

Let us assume that the average heat transfer rate is 5 Btu/sq. ft./hour/® F. diff. 

If the steam supply is at 10 psi and the oil is at about 60® F. the total heat 
transfer will be 5 X 300 X 180 Btu/hour. 

As the latent heat of 10 psi steam is 953 the amount of steam used by the 

•11 1 5 X 300 X 180 „ „ ,, 

pipe will be - - - - — 283 lb./hour. 

953 
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The cross section of a 2 in. tube is *0218 sq, ft. and the volume of 10 psi 
steam is 16-5 cu. ft./lb. so that the rate of steam flow will be 

-= 60 ft./sec. at the beginninff of the pipe, 

•0218 X 60 X 60 ‘ B 6 Yfi'y 

tailing off to nothing at the end—^an average of 30 ft./sec. 

The last 100 ft. or so will have a negligible heat transfer and will contain 
mostly stagnant air and condensate. 

In an endeavour to improve matters, only too often, the trap bye-pass is 
opened and the system is allowed to blow through to atmosphere. This 
generally brings about a great improvement and the trap is blamed. It is the 
design of the heating system that is to blame. 

501. THE CIRCULATOR PRINCIPLE. Let us modify the system shown 
in Fig. 307 so that it looks something like Fig. 308. The steam system is made 
a continuous loop. At the end of the heating coil is a separator in which the 
air and the condensate can separate from the steam. The steam can flow 
freely out of the top of the separator into the circulator. 



FIG. 308. LONG PIPE HEATER FITTED WITH STEAM CIRCULATION 


The circulator is shown, in an idealistic sort of way, in Fig. 309. The input 
steam flows through a nozzle A into a venturi throat B and, by acquiring a 
high velocity in the throat, produces a suction in the circulating pipe G. This 
draws in a considerable amount of steam through C which is slightly compressed 
in the outlet D. In this way a pressure difference is set up across the circulator, 
which means that there is also a pressure difference across the long pipe. This 
causes the steam to flow round and round. This flow clears all the air out of the 
heater pipe and, by its movement, brushes the condensate along into the 
separator. The effectiveness of the heating surface is thus greatly increased. 
The temperature all through the long pipe is the steam temperature—not the 
temperature of cool air or tepid condensate. The result is a greater heat 
transfer rate, causing quicker condensation, which in turn demands a larger 
steam inflow. The faster inflow increases the injector action of the circulator 
and speeds up the circulation. 
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In order to induce a proper circulation in steam circulation systems, it is 
essential that the input steam be at a higher pressure than the steam inside the 
heating surface. 

While steam circulation may greatly improve the performance of long pipe 
heaters, it is probably even better to cut the long pipe into pieces—^in other 
words, abolish the long pipe —see Section 349. 



FROM 

HEATING COIL 


FIG. 309. DIAGRAMMATIC STEAM CIRCULATOR 


502 , SEPARATOR. The separator is most important. It would be very 
undesirable to carry the air round and round. Its partial pressure would 
gradually increase and cause a progressive lowering of the steam temperature, 
see Sections 318 and 404, and Table LVIII. The separator must also clear 
the condensate from the system. 




FIG. 310. AIR AND CONDENSATE SEPARATOR ON STEAM CIRCULATION SYSTEM 


A large standard cross makes an excellent separator and is shown in 
Fig. 310a. It provides a good sump for the condensate and a fine big blind 
alley in which the air can collect. The condensate can be removed by any 
kind of trap, but preferably by a plain float trap which will remove the 
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condensate continuously and does not have to try to remove air which it cannot 
do. The air should be removed by means of a balanced pressure expansion 
trap put at the end of a short cooling pipe. 

The arrangement shown in Figs. 308 and 310a makes no provision for quick 
venting of the air at the start up. Plant amenable to steam circulation is often 
of large volume. When the steam is first turned on, the air is driven towards the 
separator ; the plant is cold and initial condensation is rapid. The consequence 
is that the circulator becomes a true ejector and creates a vacuum in the separator 
and air would be drawn in through the air vent. 

This can be avoided by fitting a valve, Fig. 309, between the separator 
and the circulator. This valve can be worked by hand or can be thermostatically 
operated. Fig. 310b shows the latter. The thermostat bulb is fitted in the air 
pocket in the separator and actuates the valve in the steam pipe leading to the 
circulator. So long as there is a large quantity of air in the separator the 
thermostat closes the valve. This ensures a pressure in the separator to discharge 
the air. As soon as steam reaches the separator the thermostat opens the valve 
which connects the separator steam outlet to the circulator suction. 

503* CIRCULATORS. The circulator shown in Fig. 309 is not really 
suitable in practice. A fixed injector such as this will only operate properly 
under constant conditions of steam input, whereas we probably want to vary 
the steam input. Circulators are generally combined with the controlling 
steam valve. There are several different types. 



FIG. 311. ONE TYPE OF COMBINATION STEAM CIRCULATOR 
AND CONTROL VALVE 


Fig. 311 shows one of these types. The live steam enters through the 
nozzle A which can be closed by valve B. The steam flows out radially as a 
disc and forms a radial injector into the space G, which is connected with the 
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outlet D. It draws steam from space E. As the valve B opens and allows more 
steam to pass, the annular injection throat must be allowed to get larger. 
This is done by diaphragm F whose centre is moved with the valve when the 
handwheel G is turned. In order to find the best relation between valve 
opening and diaphragm movement, the valve B has a threaded stem which 
can be screwed in or out of the yoke H and locked in the appropriate position 
by the lock nut K. The contours of the nozzle, the valve body and the 
diaphragm must be shaped to simulate an injector throat. 

504 . CIRCULATION ON DRYING CYLINDERS. Circulators have 
been applied to the cylinders of paper drying machines with some success, 
although this application is not ideal. As a paper machine almost always 
works at several pressures, usually three, there must be three circulators. 
Some fairly complicated systems are in use, some of which use the circulator 
as a flash ejector to remove as much flash steam as possible from the condensate 
before it is discharged. There are no traps on the individual cylinders, the 
only traps being on the separators. The steam may circulate round the 
easiest path. It is hardly practical to provide a circulator to each cylinder, 
though this is what the plant calls for. Some of the paper machine circulators 
are not really circulating systems, but are series systems with flash ejectors. 



FIG. 312. STEAM CIRCULATION APPLIED TO A BATTERY OF MULTI-PLATEN PRESSES 


505 . CIRCULATION IN PRESSES. Fig. 312 shows a battery of presses 
connected to a single circulating loop. This is possibly better than fitting each 
platen with its own trap—it is probably better than fitting one trap in each 
press—but, like the paper machine, it suffers from the fact that those presses 
whose steam pipes and platens have the least resistance to steam flow will steal 
all the circulation and do much better than their less fortunate neighbours. 
The uncertainty of steam circulation is more marked with multi-platen presses 
where it is out of the question to fit each platen with its own circulator. 


506 . SPEED OF CIRCULATION. It is well nigh impossible to predict 
the speed of circulation of the steam in a circulation system. It depends on 
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the amount of input steam, its pressure drop in the circulator, the design of the 
circulator, but chiefly on the resistance to circulation offered by the piping and 
steam spaces. 

The actual speed of circulation cannot be measured by orifice because the 
introduction of an orifice of sufficient constriction to give a readable pressure 
drop would offer so much resistance to circulation that the measurement 
would be useless. The only possible way would be by means of a Pitot tube, 
see British Standard Code No. 1042 of 1943. 

In a long-pipe heater the resistance is generally large, but, as has been 
pointed out in Section 349, the best thing to do is to cut the long pipe into two 
or more sections. The same applies even if circulation is to be used. If a long- 
pipe heater is cut in half the resistance of each half is half of the original. If 
the two halves are put in parallel the resistance of the two will be one quarter 
that of the original long pipe. This would allow nearly four times the 
circulation rate. 

The resistance of a drying cylinder depends only on the inlet and outlet so, 
if cylinders were being changed over to circulation, it would be essential to 
ensure that the condensate outlet and dip pipe were generous in size. 

The resistance offered by press platens is usually their extremely small 
inlet and outlet connections. It may be possible—it would certainly be 
desirable—to try to arrange for two inlets and two outlets to each platen. 

The circulation principle only properly applies to heating surfaces of the 
right shape and cross section, i.e. long and thin—^long pipe heaters, press 
platens, etc. The drying cylinder is not really very suitable. The circulated 
steam will not brush the surface of a drying cylinder. The reason that circula¬ 
tion often improves drying cylinder performance is that air is swept out into the 
separator and a pressure drop is created across the discharge pipe, thus 
minimising the evils of group trapping. 

Really positive circulation can be obtained by means of mechanical blowers. 
These are somewhat extravagant in power but are quite positive and really 
do produce a circulation which can only be surmised with the ejector type. 

507 . PRESSURE HOT WATER. Pressure hot water may offer a solution 
to many difficult heating problems. It is much more definite than steam 
circulation, but it suffers from a serious disadvantage ; there must be a 
progressive temperature drop in the water and this may preclude its use for 
many applications. 

Pressure hot water simply consists of hot water under pressure at a 
temperature below the appropriate boiling point. If water is put under pressure 
its temperature can be raised considerably before it reaches boiling point. 
The steam table gives the boiling temperatures corresponding to the various 
pressures. As it is important that there should be no chance of steam forming, 
the pressure must be sufficiently high to ensure that the required temperature 
is well below the boiling point. Care must also be taken to avoid possible 
pressure drops at valves, etc., which might produce flash and cause water 
hammer, or a singing or rattling due to a continuous flash and continuous 
recondensation, which may damage the valves. 
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508. HEAT CAPACITY OF PRESSURE HOT WATER. Steam will 
flow naturally into the steam space of a heating surface because the steam 
condenses as it gives up its heat and this causes a local pressure reduction so 
that the steam is “ drawn ’’ towards the heating surface. 

If we have a steam heated calorifier taking steam at 20 psi, heating water 
from 150*^ F. to 180° F. with a heating surface of 50 sq. ft., the amount of steam 
that will flow into the calorifier can be predicted approximately. 

The temperature differences are, initial 109°, final 79°. As these do not 
differ by twice there is no need to take the log mean. 

The arithmetic mean temperature difference is == F. 

(The log mean temperature difference is 93 • 3°.) 

Let us assume a heat transfer rate of 250 Btu/sq. ft./hr./° F. difference 
(Table XLVII). 

At 20 psi saturated steam has a temperature of 259° F. and a latent heat 
of 940 Btu/lb. 

The steam taken, if the plant is working flat out will be 


250 X 50 X 94 
940 


1,250 lb./hr. 


Now suppose we wanted to replace steam by pressure hot water (this would 
probably be silly with a straightforward calorifier but this is being used purely 
as a numerical example) we must find out how much water we must circulate 
and at what temperature the water must be. Let us assume a heat transfer 
rate, water to water, of 100. We shall therefore need an average temperature 
difference of two and a half times that required for steam. In addition to 
temperature difference we must take account of the temperature drop in the 
water—each Btu removed from a pound of water lowers its temperature by 
one degree. 


The hotter the water, the greater the water temperature drop that can be 
permitted, but the higher must be the pressure. The cooler the water the 
greater must be the quantity circulated. 

If the calorifier is unchanged and the heat transfer rate is reduced 
from 250 to 100 we must secure an average water temperature of 

1^+21° + 94 . ><^ 5 0 _ o p 
2 100 

Let us stipulate that the water temperature must not drop more than 40® F. 

The outgoing water must have a temperature of 380® F. 


and the ingoing water must have a temperature of 420® F. 

It must therefore have a minimum pressure of 300 psi. 

Water at 420® F. contains 397 Btu/lb. and water at 380® F. contains 354 Btu. 
Each pound of water circulated will therefore part with 43 Btu. 


When the calorifier was steam heated it absorbed 

250 X 50 X 94 = 1,175,000 Btu/hour. 
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It will be necessary to circulate 27,325 lb. of pressure hot water per hour 
or 45 gallons a minute. 

Suppose we say that we cannot afford to pump this quantity ; that we 
can only spare the power to pump 30 gallons per minute. In Section 334 the 
effect of liquid movement was discussed and it was suggested that when precise 
figures were lacking it could be assumed that heat transfer rate varied as the 
cube root of the liquid velocity. The cube root of 45 is 3 • 56 and of 30 is 3 • 11. 
The heat transfer rate at the lower rate of circulation will drop from 100 to 

^ = 87 Btu/sq. ft./hr./° F. diff. 

3-56 

Each pound of water at the slower rate must give up ~ ~ ^5 

and the average temperature difference across the surface must be increased 

or- 235 X 100 o ^ 

from 400 — 165 = 235 F. to -= 270 F. 

The average water temperature must be 270 165 = 435° F. 

Water at 435° F. has a sensible heat of 414 Btu/lb. 

If we say that 33 Btu must be given up either side of 435*^ F. the pressure 
hot water must enter the calorifier with 447 Btu/lb. at a pressure of 475 psi 
and a temperature of 465® F. and must leave with 381 Btu/lb. and a 
temperature of 405® F. 


509. PIPE LINE REQUIREMENTS. Now we see from this that, unless 
a very big temperature drop in the hot water is permissible, the quantities of 
pressure water that must be circulated are very large compared to the corres¬ 
ponding amount of steam that is needed—^somewhere about 20 or more times as 
much with temperature drops of the fairly high order of 40® F. to 50® F. But 


water at 500 psi only occupies -— of the volume of steam at 20 psi. On the 

600 

other hand steam can flow about 12 times faster than the same weight of water. 


So we can say, roughly :— 

Volume of steam . . . . 600 times that of water 

Speed of steam . . .. .. 12 times that of water 

Quantity of water . . .. 20 times that of steam 

So that the steam pipe must be about —— == 2i times the area of the 

12 X 20 

equivalent pressure hot water pipe. 

With pressure hot water we need two large pipes of equal size against one 
much larger steam pipe, a small condensate return, a multitude of traps and 
air vents and a flash collecting system. 

The foregoing estimate of pipe size is not a general statement. The size 
of a steam pipe will depend on the pressure. The size of hot water pipes will 
depend on the permissible temperature drop. 
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510 . APPLICATIONS OF PRESSURE HOT WATER. The ideal appli¬ 
cations are to plants where the volume of the heating space is small and where 
heat transfer is very sluggish. An example has been given of the advantages of 
steam circulation in Sections 500 and 501, in long-pipe heaters. Pressure hot 
water gives a more certain gain but may call for more power than can be 
spared. Another useful application is to the platens of presses, but it is necessary 
to be sure that the water will sweep right over the heating surfaces. If there are 
cul-de-sacs and blind corners, they will be filled with almost stationary cool 
water which may be just as bad as stagnant air in a steam system. 

Pressure hot water is seldom the first choice in any easy heating job. Steam 
always wins if it can be made to work, but where steam fails or is only moderately 
successful, pressure hot water may show a great improvement. The outstanding 
advantage of pressure hot water is that it can go anywhere—up—down. 
There is no need to find a proper falling path for the condensate return. This 
gives a freedom to lay-out and a tidiness to design that are very valuable. 


511 . SHORTCOMINGS OF PRESSURE HOT WATER. The principal 
disadvantage of pressure hot water is that the water must drop in temperature 
when it parts with heat. If exact temperatures are called for, this means that 
the speed of circulation must be very high indeed. This dilemma of temperature 
drop or vast circulation rate may put pressure hot water right out of the running. 
The other disadvantage is that where there are large dead spaces inside a heating 
surface there may be regions of low temperature. 
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FIG. 313. LARGE VOLUME 
OF DRYING CYLINDER 
PREVENTS PRESSURE HOT 
WATER CIRCULATING 
PROPERLY 


» t » I \ \ i \ 



FIG. 314. BY FITTING FALSE INTERNAL 
CYLINDER IN DRYING CYLINDER THE 
HOT WATER IS GIVEN A GOOD PATH 
AND WEIGHT IS REDUCED, BUT WATER 
SUFFERS A TEMPERATURE DROP 


Of all the plants where steam shows up badly the drying cylinder is one of 
the most important because it is so convenient and is consequently in use in 
many different industries, textiles, paper, milk, laundries, etc. Fig. 313 is 
intended to show the probable flow of water through a drying cylinder heated 
by pressure hot water. The chances are that no fresh hot water reaches the 
heating surface at all. A few warm eddies may occur near the left-hand oudet 
side. The things like flames in the picture are meant to represent heat 
transmission. Apart from this failure of the hot water to reach the heating 
surface, a huge load is imposed on bearings and driving gear by the great 
mass of water. 
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If an endeavour is made to combat these troubles by fitting an internal 
false cylinder, as in Fig. 314, another trouble appears. There will be a tempera¬ 
ture drop across the face of the cylinder, and the thinner the water space the 
greater will be the temperature drop, yet a thin water space is the only one that 
will ensure the water reaching the heating surface and loading the machine 
with a minimum weight. A temperature drop across the cylinder such as is 
suggested in Fig. 314 would be quite out of question in, for example, paper 
machines. 

So we see that the drying cylinder still remains the most difficult piece of 
plant to heat in a really satisfactory way. 

512 . THE PERKINS SYSTEM. One of the earliest, if not the first, systems of 
pressure hot water heating was the Perkins system, which is shown in Fig. 315. 
Such a system, used for heating lithographic stoves, has been in use in the author’s 
factory for over 35 years with satisfactory trouble-free results. 



E 

FIG* 3 ^ 5 * PERKINS PRESSURE HOT WATER SYSTEM 


The heating coil is a single long small-bore, about | in., steel tube which if 
arranged in plain zig-zag coils A in the stove to be heated. The tube is wound 
in a close coil in a refractory box B to form the boiler. 

The system works at no definite pressure ; there is no method of controlling 
the pressure. If more heat is wanted, the boiler fire is stoked more vigorously, 
more heat goes into the water and the pressure goes up. As the water is heated 
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its volume increases, lb accommodate the expansion an air bottle G is fitted 
to the topmost part of the circuit. This bottle can, if high temperatures are 
desired, be precharged with compressed air. The bottle acts as a safety cushion, 
as well as a collecting point for any air that may be driven off the original charge 
of water. The cock D at the top of the bottle allows the cylinder to be charged 
with air, or excess air to be drawn off. The system is charged with water through 
the connection E. A pressure gauge F is fitted at the bottom of the circuit near 
the boiler to indicate to the stoker how things are, and an emergency safety 
valve G is also fitted. The safety of and maximum pressure reached in the 
system are arranged by design. The heat dissipating surface is so proportioned 
with reference to the boiler heat intake surface that the former will get rid of 
heat at high temperature faster than the latter can absorb it. 

The temperature control is somewhat indefinite, the low-sited pressure 
gauge is liable to be out of action, and the fireman—or more usually boy—^has 
little to guide him except the plaudits or imprecations of the stove attendant. 
In spite of its crudity the system works well. 

513 . STEAM BOILER SYSTEMS. The Perkins system has been largely 
superseded by the use of an ordinary steam boiler. This, with its pressure gauge 
and safety valve, permits exact temperature to be obtained and held. 

The search for smaller and cheaper power station boilers has produced 
certain long-tube boilers with forced circulation, such as the La Mont. These 
boilers have been hailed as the ideal for use with pressure hot water, because 
they already have circulating pumps. This is really a fallacy. If the circulating 
pump was the right size for the boiler alone, it cannot possibly do the very 
arduous duty of whizzing the water round the heating system. With a straight 
boiler, only the external circulating pump is needed, the feed pump is of course 
saved. 

The real advantage of the La Mont type of boiler seems to be that in a 
pressure hot water system with a battery of boilers it is not necessary to have a 
drum to each boiler. One drum, or at the most two, will handle the water 
circulation from all the boilers on the range. 

514 . WATER LOSS FROM P.H.W. SYSTEMS. Theoretically there should 
be no water loss from a pressure hot water system. Consequently feed pumps, 
feed water treatment and all their attendant troubles should disappear. 

The author, however, has heard of a pressure hot water system where quite 
a large feed pump, together with the spare pump, are hard put to it to keep 
the system full. The loss is partly due to men drawing off hot water for tea¬ 
making and other illegitimate pursuits. If the pressure is high the flash will 
be great and much extra water will be lost as flash. This may mean that for 
every 3 gallons drawn off 4 gallons must be replaced. 

^ Draining points must be provided for emptying sections for maintenance. 
But these drains should be padlocked to prevent abuse. If maintenance, 
draining or water pilfering are heavy, many of the advantages of pressure 
hot water disappear. 
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515. FEED WATER FOR P.H. W. SYSTEMS. It is of great importance that 
the water put into a p.h.w. system be as good as possible. Any sludge thrown 
down in the boiler may be pumped round with the water and deposited on the 
heating surface, thus defeating the object of p.h.w. which is to improve heat 
transfer. Apart from coating heating surfaces, such boiler sludge or original 
scale and rust has been known to cause blockages in small pipes attached to 
such things as press platens. Blowdown is normally not admissable or necessary. 

The water should preferably be distilled water because softened water can 
cause trouble at valve spindle glands. Any leakage causes flash, concentration 
and eventual deposition of salts in the gland, sometimes making the valve 
immovable. 

516. ECONOMISERS AND P.H.W. SYSTEMS. As the water returns to 
the boiler in a p.h.w. system only some 20-80° F. below outlet temperature 
there may not be any scope for an orthodox economiser in a high temperature 
p.h.w. system. This handicap suffered by the p.h.w. boiler can generally be 
overcome by using an economiser for some other heating purpose—see Chapter 
23—for example the economiser might supply heat to a lower temperature hot 
water system*. 

517. COMPARISON OF STRAIGHT STEAM, STEAM CIRCULATION 
AND PRESSURE HOT WATER. For all-round general heating purposes 
for space or process heating, a straightforward steam + condensate system is 
supreme. It has the overwhelming advantage that steam gives up its heat at 
absolutely constant temperature, and that the temperature can be adjusted 
instantly and accurately. Under most conditions steam can give up its heat 
much more rapidly than water. 

By introducing some complications it is possible to make pressure hot water 
hold exact temperatures. The hot water can raise steam locally in completely 
closed vessels whose steam pressure can control a bye-pass in the pressure hot 
water circuit. If there is a demand for many exact temperature plants in a 
factory, it would probably be much better to go to a straight steam system. 
But if most of the factory is suitable for pressure hot water and only a few 
plants need exact temperature, the local raising of steam may be convenient. 

For difficult heating applications where heat transfer is very slow with 
consequent negligible steam flow, steam circulation may show a great improve¬ 
ment, especially if the low heat transfer is due to a collection of air. Steam 
circulation is somewhat vague. Its effectiveness cannot be accurately foretold, 
as there is no easy method of measuring or forecasting the rate of circulation. 

For difficult heating problems, especially where there are not large heating 
space volumes, pressure hot water may give much better results than steam 
circulation. It cannot be satisfactorily applied where no temperature drop is 
permissible, nor to heating surfaces where the volume is large with reference to 
the heat transfer. Pressure hot water greatly evens out peaks because it can 
never supply a sudden demand as quickly as steam, and the large body of 

♦ The large water velocity in a P.H.W. economiser may offset the apparent disability of 
small temperature difference, and an economiser may sometimes be used in an orthodox 
manner in a P.H.W. system. 
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circulating water represents a big reservoir of heat—^pressure hot water contains 
from 50 to 150 times the heat contained in an equal volume of steam. Boiler 
efficiencies can be better maintained with pressure hot water than with any kind 
of steam system. There should be no loss of water—except for minute leaks— 
from the pressure hot water system, consequently there should be no water 
softening problems and no boiler scaling troubles. The power needed by the 
boiler feed pump should be saved, but a good deal of power, dependent on the 
resistance of the circuit, is used for circulation. The circulating pump power 
may become enormous if the temperature drop must be kept very low and if 
the resistance is high. The boiler pressure must be very much higher than the 
corresponding steam pressure. 

There is one type of factory that may find pressure hot water very suitable, 
namely the widely-spread factory of single storey buildings containing many 
small heat users. In such a factory the collection and return of condensate 
often does not pay, consequently the condensate and its flash are lost. All this 
loss would be avoided with pressure hot water. 

The author believes there may be a great future for pressure hot water. It 
is probably the solution to district heating. It may displace steam in many 
awkward heating jobs such as oil tanks and press platens. A laundry for a Mid¬ 
land town has been designed using pressure hot water for all processes (this 
rather seems to be overdoing it.) In the author’s factory a battery of new 
lithographic stoves has been tentatively designed for pressure hot water using 
water from the drums of the main 650 psi steam boilers. If this proves 
practicable (the principal snag appears to be the effect on the circulation 
in the boilers) it will show a saving of 5^. a therm over gas. 

♦ 
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AUTOMATIC CONTROLS 

I am the very slave of circumstance 
And impulse. 

BYRON. Sardanapalus. 1821. 

BYRON unwittingly here summarised the characteristics of automatic controls. 
C. E. G. Simmons has stated the matter more precisely : “ An automatic 
control is tireless ; it is also brainless. It cannot anticipate or profit by ex¬ 
perience Here we have the fundamental clues to the success or failure of 
automatic controls. 

518 . LIMITATIONS OF AUTOMATIC CONTROL. An automatic 
control can only perform a mechanical operation which our experience has 
proved desirable and profitable. Automatic controls are so often enthusi¬ 
astically installed as hopeful panaceas and disappointment too often follows. 
The controller does what lies in its mechanical power, but it was expected to 
think, which it cannot do. We have to do the thinking first, profiting by our 
experience. We must then limit the task of the controller to operations that 
are within its capacity. 

It is of supreme importance that we give each part of the controller the 
simplest possible task. We can then string a number of controls together and 
get something which may look magical to the uninitiated, but which, when 
broken down into its constituents, is quite elementary. An intelligent man can 
control a complicated operation, using his wits and experience to meet 
exceptional conditions. Before an automatic controller can meet exceptional 
occurrences we must use our imagination and experience to enable us to 
embody in the control the mechanical qualities that will enable the controller 
to do our will. 

If we visualise all the conditions we wish the controller to meet, and all the 
tasks we wish it to perform, and if we then simplify these tasks with all possible 
zeal, we can make an automatic controller that will carry out our wishes much 
better and more consistently than any man, however skilled, because the 
automatic control is tireless ; it does not get bored ; it is not interested in the 
result of the 2.30. 

519 . USEFULNESS OF AUTOMATIC CONTROL. Automatic controls 
are great steam and heat savers. They are not necessarily applied to the control 
of steam ; often they control the flow or condition of the process material. 
The elimination of peaks is one of the most effective heat savers, and automatic 
controls, correctly applied, are of the greatest use in smoothing out the peaks 
and valleys. 

Automatic controls do not necessarily save heat. It depends upon whether 
they are designed to do something that will save heat. For example an 
automatic boiler control, fitted to a range of boilers subject to very fluctuating 
loads, will keep the pressure far steadier than any fireman ; but it will not 
necessarily save coal. In fact, one might almost say that it is bound to waste 
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coal, on a stoker-fired boiler, because the function of the controller is to keep 
the pressure steady at all costs, and these costs will often include incorrect 
combustion. But the steady pressure may be a great steam saver and on balance 
the automatic control may give an overall saving. 

Automatic controls do not necessarily save labour. The automatic boiler 
control saves no labour. The fireman must still be there, the controller is only 
a far better tool than the fireman’s unaided hands and eyes. If there are only 
a few automatic controls in a works it may even be that the automatic controls 
will increase labour, because automatic controls must be examined very 
frequently and given little periodic adjustments. There are of course many 
applications where an automatic control saves labour and coal and material. 
The whole thing boils down to a matter of cost. Will the control so improve 
things, be it pressure, density, temperature, flow, weight, time-cycle, etc., that 
the cost of upkeep of the controller and the interest on its first cost will be more 
than repaid by the improved results ? 

There are some elementary automatic controls, which are found in every 
factory however small, and they are accepted as matters of course without their 
status as automatic controls being appreciated ; for example safety valves and 
tank float valves. If these humble controls are properly understood we are 
half way to understanding the most complicated controls and the difficulties 
surrounding their proper application. 

The description of automatic controls could take the form of deifinitions of 
terms and functions, but this would be pretty hard going and would probably 
not be read. In this chapter this will not be done. Automatic controls of 
various kinds will be described and the terms and functions will crop up and be 
dealt with as we go along. We shall start with a detailed discussion of the most 
common types of simple automatic controller and end up with a description of 
something much more complex. Many of the controls to be described are at 
work in the author’s factory, so that the descriptions are not just copied out of 
catalogues. 

Much very useful information can be obtained from the makers’ catalogues 
which contain many beautiful diagrams giving varied applications of all kinds 
of controls. Automatic controls have reached a very high standard, but the 
makers tend to imply, most naturally, that the installation of their particular 
control will solve all problems. We have got to make the controller’s job easy 
and give it a task that is within its capacity ; then almost any of the well-known 
makes will work excellently. 

In dealing with automatic controls we must use technical jargon. The names 
are not universally agreed and the author has had to select those words that 
seem to him most appropriate. 

520 . TANKS AND FLOAT VALVES. “ What is a tank for ? ” There 
are many answers ; here are some of them. 

Engineer who installed the tank : “To permit wide fluctuations in 
draw-off to be accommodated without transferring them to the inflow.” 

Production manager : “To increase production.” 

Process labourer : “I gottcr empty the bleeder.” 
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Now the engineer is the only one whose answer gets full marks ; but has 
the engineer arranged his automatic control—to wit a ball float valve—so 
that his lofty specification can be complied with ? 

In most factories tanks have a nasty way of being either full or empty. 
Their control arrangements are such that this is bound to occur unless man 
intervenes. If the tank is always full or always empty it might just as well not 
be there. The true function of a tank is to iron out fluctuations. The extent 
of the fluctuations that are to be smoothed out must be estimated or measured, 
then the size of the tank is at once patent. There can be no argument. The 
volume of the largest fluctuation that it is desired to smooth out is the tank size 
exactly. The fluctuations may be the fill of a bath or a month’s water supply 
for London. Having got the right tank size, it is no use installing it in such a 
way that it is always full or always empty. 

Many tanks are controlled by float valves. The float valve is worthy of 
detailed study. Consider the full-lined float F in Fig. 316 and assume that the 
plant conditions are such that the maximum outflow can be met by the maximum 
inflow. For every outflow the liquid level will drop to such a height that the 
inflow corresponds to the outflow. This means that the only part of the tank 
that is used is A C ; C D is useless, it is always full. A G is not really useful as 
tank, it is simply a method of opening the supply valve. The full line in Fig. 317 
shows the relation between tank level and inflow. 


A 

B 

c 
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FIG. 316. PLAIN BALL FLOAT VALVE 

There would seem to be only four reasons for fitting a ball float tank : 
to smooth out fluctuating draw-offs ; to smooth out fluctuating inflow ; to 
break the pressure head ; or to act as an emergency reservoir, for example, 
against fire (but this is not the kind of tank we are considering). An arrange¬ 
ment such as is shown by the full line in Fig. 316 will partly smooth out 
fluctuating inflows and is the imperfect solution to this problem only. If it is 
to smooth out intermittent or fluctuating draw-off we want to use the whole 
tank without transferring the intermittent demand to the inflow any more 
than is absolutely necessary. 

We can lengthen the float lever and increase the RANGE of the control. 
We shall use much more of the tank and make the tank level/inflow 
characteristics follow the broken line fin Fig. 317. The lengthened float lever 
is shown broken-lined aty*in Fig. 316. This arrangement does not iron out the 
fluctuations. It smoothes them out a bit, but it transfers the fluctuating draw¬ 
offs to the inflow and imposes a LAG. 
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It might be thought that by making the tank very much larger, a greater 
tank capacity becomes effective. This, however, is not so. If the tank is made 
very large the message to the float and valve will be delayed, a long lag will be 
imposed, and although short sharp peaks may be smoothed out, long peaks or 
valleys may be aggravated. 

The ideal relation would probably be such that for nearly the whole of the 
range of tank levels the inflow rate would remain constant at the average flow. 
When the level gets dangerously low the inflow valve should open quickly and 
when the tank gets nearly full the valve should close quickly. Fig. 318 shows 
the characteristic level/inflow relation that these requirements call for. 




FIG. 3 1 7. FLOAT level/flow 
CHARACTERISTIC OF PLAIN 
FLOAT VALVE 


FIG. 318. DESIRABLE LEVEL/fLOW 
CHARACTERISTIC 



FIG. 319. FLOAT AND CAM 
CONTROL GIVES ANY DESIRED 

level/flow characteristic 


There is no use fitting a ball float valve like that in Fig. 316 and expecting 
it to give a characteristic like that in Fig. 318. Fig. 319 shows one way of 
making a float give any desired level/inflow relation that we might want. 
The float F is allowed to travel the full depth of the tank. It is attached to a 
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chain G which passes over the wheel W. The wheel rotates the cam M which 
actuates the valve lever. By suitably cutting the cam any desired flow/level 
characteristic can be secured. 

The effect of this float and cam control is to enable the tank to function as a 
tank about the average flow. But if the average flow changes, the tank will 
cease to function as a tank and will soon be either full or empty. By maHng 
the control more complicated we can make the control adjust itself to suit a 
rhan g ing average flow. This may be very necessary. The average flow in the 
i pnmin g may be double that in the afternoon ; the average flow on Friday 
may be half that on Monday. Such high-falutin’ controllers are described 
later in Sections 551 to 556 after some of the other qualities of controllers have 
been examined. 

521 . DISPLACERS. Fig. 320 shows a float substitute which has many 
advantages. Floats are by no means satisfactory. The message delivered by 
a float is one of position only, the weight of the float is constant. Floats can 
puncture and waterlog. A float and chain such as are shown in Fig. 319 can 
jam or jerk. In Fig. 320 the float is replaced by the displacer D. The weight 
of the displacer is taken by the spring S. As the level of the liquid in the tank 
falls, more and more of the weight of the displacer is taken by the spring. 
The displacer can clearly deliver two messages ; either one of position or of 
weight. The force or weight message in Fig. 320 will be a straight line relation 
like that shown in Fig. 317 at F'. If the position message of the displacer is 
used we can connect the displacer to the valve directly and again we shall get a 
characteristic like F' in Fig. 317. 




FIG. 320. DISPLACER TANK FIG. 321 . SHAPED DISPLACER GIVES LEVEL/ 
LEVEL CONTROL PLOW CHARACTERISTIC OF ANY DESIRED FORM 

But we can make our displacer any shape we like. If we shape it like that 
in Fig. 321 we can get a characteristic which exactly follows the curve shown 
in Fig. 318. 

We have done our thinking for the control, so that the displacer can blindly 
and tirelessly carry out our wishes. But, such a shaped displacer will only 
make the tank work as a tank if the average flow remains constant. 

If the tank is to smooth out fluctuating inflows for a constant outflow or if 
it is to act as an emergency reservoir, a quick-acting valve, operated by float or 
short displacer, will probably be satisfactory. 
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In the W.G. flushing tank the float valve is not acting as a controller, but 
simply as an automatic refilling valve. 

522 . IMPULSE MODIFIER, DETECTOR AND REGULATOR. In all 

automatic controls, however complicated or however simple, there must he 
an IMPULSE which delivers the message that the conditions that are to be 
controlled have changed. This impulse must be received and possibly 
MODIFIED by a DETECTOR. The detected and modified message must 
then be translated into action by the REGULATOR. It may be that these 
functions are not cut and dried and carried out by separate parts of the device. 
In the plain float valve the impulse, detector and regulator are all carried out 
by the same thing—the float and its lever. In the displacer operated valve with 
a parallel displacer the impulse is produced by the displacer, the spring acts as 
detector and, by extending, allows the displacer to act as regulator. In a 
shaped displacer the displacer gives the impulse which is suitably and auto¬ 
matically modified by the shape of the displacer. 

523 . RANGE. A control such as this tank level control works through a 
RANGE. The range is the whole level of the tank. Suppose that for some 
reason it was essential to keep the tank as full as possible. This might be 
necessary’ where the function of the tank was to break the pressure and to apply 
a constant lower pressure head. In order to reduce the range of the float 
movement, the float would have to be greatly increased in size and its movement 
geared up by leverage to the valve. But, however big the float, there would 
always be some range. To limit the range to negligible proportions would call 
for such a large float as to be impracticable in many cases. There are ways of 
getting over the difficulties which will be apparent later. 

One of the essential characteristics of any direct float or displacer control 
is that a particular float or displacer position corresponds with a particular 
flow rate. So that such a tank is a flow meter on a grand scale. 

Clearly the ideal tank controller would be such as could permit the inflow 
to be steady, while the outflow was just what was drawn off, or vice versa. 
Over the bulk of the tank the one should not influence the other. If we secure 
such control our tank would be fulfilling its true functions. It would always 
have to try to reach an equilibrium at the temporary average rate of flow and 
it would have to ignore impulse messages when the level was high and falling 
or when the level was low and rising. We shall end this chapter with descrip¬ 
tions of two controllers which will fulfil these difficult conditions. They cannot 
be met by the simple float valve, or for that matter, any direct acting control. 

He ♦ ♦ ♦ 

The float valve is full of interest and is seldom given the consideration it 
merits. It is too ordinary, too much like the waters of Jordan. 

524 . SAFETY VALVES. Fig. 322 is intended to represent the essential 
parts of an ordinary dead weight safety valve. The area of the valve when 
seated, Fig. 322a, is i sq. in. The weight is 100 lb. The valve should lift when 
the pressure exceeds 100 psi. Now when it lifts a minute amount, Fig. 322b 
the pressure on the ring B near the seating is less than lOO psi because at the 
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edge of the valve the steam has a free escape to atmosphere and the lifting force 
will decrease. The valve will therefore take up a position where the full pressure 
on the inner disc A plus the reduced pressure on the ring B is just sufficient to 
balance the weight, Fig. 322b. As the pressure rises the valve will lift a little 
more and the ring B will get larger, Fig. 322c. So that, although the load 
on the valve is constant, in order to get a reasonable outflow the pressure 
has to rise considerably above the set pressure of 100 psi. Such valves must 
always have a considerable range, which is just what we do not want a safety 
valve to have. 

If the valve is spring loaded instead of loaded with a dead weight, the range 
is aggravated because, as the valve rises, the spring pressure increases, which 
calls for a greater lifting force. 

Valves of this type almost always breathe. In order to give a safe relief 
to the boiler and give a sufficient flow at not too high a pressure, they generally 
have to be set so that they are breathing at normal working pressure. They 
are very wasteful for this reason and because, due to the constant breathing, 
the seat scores. 



FIG. 322. ORDINARY DEADWEIGHT SAFETY VALVE 


525 . POP VALVES. Fig. 323 shows a safety valve with a modified seat. The 
actual valve seating is the usual inner conical portion and the opening pressure 
is exerted on the disc area A. There is a V shaped extension to the seat which 
has a small clearance between the fixed and moving parts. When there is 
sufficient force to lift the valve, the steam can only escape with difficulty and 
exerts a force on the V shaped ring B. This extra lifting force is added to the 
normal lifting force on the area A, so that the valve lifts quickly and high. 
As soon as the valve starts to lift its balance of forces is upset and it becomes 
unstable. It can only reach stability by opening sufficiently wide to reduce the 
lifting force on the ring B to restore a balance between the lifting force and the 
valve load. The valve must lift high if it lifts at all. The act of lifting increases 
the lifting force, whereas in the plain safety valve the act of lifting decreases the 
lifting force. The valve opens with a definite pop and closes bang. The valve 
operates over no range between shut and open, but once it is open, there must 
be a small drop in pressure before it can shut again. 
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Apart from the fact that the pop valve is either definitely shut or nearly 
full open and consequently the valve seat suffers little from wear, it has excellent 
psychological properties. The opening of the valve makes itself most blatantly 
noticeable. Everyone says “ Blimey ! we’re wasting steam.” A plain safety 
valve whispers insidiously and its message is taken to mean “ We’ve got a good 
head of steam ”. The replacement of plain safety valves by pop valves is often 
a most fruitful way of saving steam. Apart from this saving, the boiler pressure 
can usually be raised by 5 or 10 psi. Where a plain safety valve may have a 
range of 15 psi the pop valve will probably only have a range of 2 to 5 psi. 
This means that with the same maximum pressure and maximum safety valve 
opening the boiler pressure can be 5 to 10 psi higher. 



FIG. 323. THE PRINCIPLE OF THE 
POP OR QUICK LIFT SAFETY VALVE 


There are many types of pop valve. Their makers often do not call them 
pop valves but by various names such as “ quick lift ”, “ full bore ”, etc. 

The pop valve is an ON-OFF controller. 

526 . ON-OFF CONTROLS. It might be thought that any kind of on-off 
control would result in bad fluctuations, but this is often by no means the case. 
If the controller is such that the range can be very small an on-off control can 
operate very satisfactorily indeed. The small range causes the on and off 
periods to be very short and although the controlled result must be a series of 
ripples their amplitude is in many cases so small as to be of no practical account. 

Thermostats often, in fact generally, work on the on-off principle and can 
often hold the temperature within i ^ ^ F. One of the most common and satis¬ 
factory on-off controls is on the voltage regulators of dynamos and generators. 
The impulse is a magnetic field which is proportional to the voltage. The 
magnet attracts an armature whose contacts short-circuit a resistance in the 
exciting circuit for a very short time. The contacts usually work at rates between 
4 and I per second but the on-off action is entirely smoothed out by the sluggish 
response in the excitation due to magnetic inertia. 

527 . COMPENSATION. In Fig. 131, Section 292, we have a trap with a 
discharge capacity of 50,000 Ib./hr. or nearly 100 gallons a minute at 250 psi. 
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Were such a trap direct acting the float would have to be enormous. So the 
trap is indirect and works through an oil operated relay. The float is quite 
small and simply opens or closes the oil leak C. 

When the condensate rises in the trap body it lifts the float. Some small 
time interval elapses before the oil pressure rises sufficiently to open the main 
discharge valve. Meantime the condensate continues to rise. The valve then 
discharges full bore and the same lag occurs before the discharge valve closes. 
This HUNTING is so pronounced that this float trap turns itself into an inter¬ 
mittent discharge trap. 

Now look at Fig. 130 in Section 292. When the water rises in the bottle B 
its increasing weight gradually overcomes the tension of spring D till the bottle 
drops and closes the oil leak E. The regulator valve immediately starts to open 
and at once the spring tension is increased due to the connection between the 
valve lever and the spring anchorage. This at once lifts the bottle slightly and 
allows a little leakage from E thus preventing further opening of the regulator. 
If the valve G has opened too little, the condensate will go on rising in the bottle 
B which will drop again, close the oil vent E, allow more oil into cylinder F, 
open the valve G still more and again tighten the spring D to prevent over¬ 
shooting. If the valve G had opened too much the water level would drop in 
bottle B, the leak E would open sufficiently to allow the valve G to close slightly 
(it is trying to close due to the pressure in the trap tank and to the counter¬ 
weight H). By finding the correct point K for attaching the wire and by choosing 
the correct spring tension the action can be completely COMPENSATED so 
that there will be no hunting and so that any rate of discharge that may be 
required will be obtained with a minimum range of level. 

Compensation has its perfect application in a case such as this where the 
control is REACTIVE. A reactive control is one in which the impulse 
responds to the effect produced by the regulator. The impulse is water level. 
The regulator controls water level, so that the regulation reacts on the impulse. 

Compensation can take all kinds of forms, but the essence of all com¬ 
pensators is that the detector runs away from the impulse. When the impulse 
says “ Open ”, the regulator opens but in opening pulls the detector away from 
the impulse and says “ I won’t open any more until you give me another 
impulse.” Similarly in closing, the impulse tries to open the leak E but the 
effect of the compensator is to close leak E thus making the controller call for 
continued impulses before making further regulations. All compensators are 
largely matters of trial and error. It is difficult to foretell exactly the amount of 
compensation that a new application calls for. 

The effect of under-compensation is to permit hunting and to encourage 
intermittent action. 

The effect of over-compensation is to increase range. 

With perfect compensation the range will be a minimum and the control 
will be as nearly continuous as possible. The plain lever float valve can be 
looked upon as being completely compensated. There is no lag in response to 
the impulse ; it is completely and instantly reactive ; the actual increase of water 
flow caused by the regulator reduces the impulse. Unless a tank can start 


524 



AUTOMATIC CONTROLS 


§ 527-528 

surging waves, the float valve will not hunt, but if the tank is such that surging 
waves can start, the float valve can hunt in an alarming way. Tank baffles will 
usually put this right. 

There are some applications of control to which compensation cannot be 
applied. These are the systems that are NON-REACTIVE and some other 
types of indirect control. In such cases we have to use SUPPRESSION. 

A non-reactive control is one in which the effect of regulator movement is 
not transmitted to the quality that sends out the impulse. 

528 . SUPPRESSION. The heat release in a boiler furnace is proportional to 
the fuel burnt, or to the oxygen consumed. We must control both, but we can 
control one after the other. If we control the coal the response will be sluggish. 
There will be a very big lag. If we control the aii the response will be immediate, 
but unless the increase of air is backed up by an increased coal supply the 
incandescent coal on the fuel bed will quickly be burnt and the fire will get full 
of holes. A boiler controller should maintain the boiler pressure constant by 
controlling the air instantly and follow this up with control of the coal. The 
impulse must be, at least in part, a steam pressure impulse. The pressure 
impulse can be backed up or modified by a steam flow impulse. But whether 
the main impulse be pressure or flow of steam, the controller will act on air 
supply or coal supply or both. It is therefore impossible to make a boiler control 
reactive. If the pressure is low and dropping the fire may be large and increasing 
and it is no use providing compensation between the fire control and the con¬ 
troller. If the control were a simple control of fire impulsed by boiler pressure 
a drop in pressure might build up an ever increasingly great fire so long as the 
pressure were below normal. Although the pressure might be rising rapidly 
the great fire would go on being augmented all the time the pressure was low. 
When the pressure had been brought back to normal it would be impossible 
to damp down this fire in time, the pressure would overshoot and the boiler 
would blow at the safety valves. It is clear that in a boiler there must be a lag 
and there can be no compensation. 

Now suppose we give the controller two impulses ; one, a simple pressure 
impulse—high, low, right ; and the other impulse, the rate of change of pressure 
and the direction in which it is changing. We can then make the controller 
bring the pressure back exactly to normal, we can SUPPRESS any over¬ 
shooting and we can eliminate hunting and use a very small range. 

The Kent master controller is a fine example of such a double impulse 
control which gives complete suppression of overshooting and hunting, yet 
is very easy to understand. The controller receives impulses of boiler pressure 
every 15 seconds and one of the impulses is the amount and direction of any 
change in boiler pressure during the previous 10 seconds. The detector trans¬ 
lates these pressure impulses into secondary impulses which actuate the dampers 
or the speed of the induced draught fan. This gives an immediate heat 
release change and is followed up by separate subsidiary controllers on the 
forced draught and the stoker speed. 

The master controller is shown diagrammatically in Fig. 324. The 
cylinder A is directly connected to the boiler and carries boiler pressure. In it 
is the beautifully fitting piston B. The piston B is held in the cylinder by the 
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weight G of such a size as to exert on A a pressure of just a minute fraction over 
boiler pressure. Shaft D is driven by the controller motor and rotates the 
piston B continuously so that it will not stick. The stationary weight G transmits 
its load to the piston through a ball thrust bearing. A very light spring G 
relieves the piston of a minute part of the weight. The result of the spring G 
and the fact that it is balanced in any position by the difference in pressure 
between that in cylinder A and the weight, gives the controller a range over a 
considerable movement for a very small pressure change, such as would be 
invisible on an ordinary pressure gauge. There is thus a fixed height for the 



weight corresponding to any small variation in pressure either side of the 
working pressure. Gonnected to the weight by the links H and I are the 
contact arms J and N pivoted at L and M. Arm J is connected direct to the 
weight so that the angular position of J is a measure of the pressure in the 
cylinder A. The arm N is connected by a friction clutch O K to the link H 
and the leverage is such that the movement of N is four or five times as much 
as arm J for the same pressure change. Embracing the contacts n and j on the 
ends of contact arms N and J are the contact arms R and S and the contact 
arms 1 ' and U pivoted on P and Q. These contact arms R S T and U advance 
and recede scissor-fashion under the influence of cams W and V and springs 
X and Y. As arm N is connected to K by the friction clutch O K the arm N 
is centralised at every movement of contact arms R and S, so that at every 
cycle the contact n starts at the mid point. The cams are so shaped that they 
take 5 seconds to centralise and are then held in the open position, Fig. 324, for 
10 seconds. 
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The result of this mechanism is that every 15 seconds the actual boiler 
pressure is measured by arms T and U and every 15 seconds the change in 
boiler pressure in direction and magnitude that has occurred in the past 
10 seconds is measured by arms R and S. 

Contacts n and j are connected together and to one supply point. Contacts 
r and t are connected together and lead to the “lower” relay. Contacts 
s and u are connected together and lead to the “ raise ” relay. 



FIG. 325. THE ACTION OF THE KENT MASTER CONTROLLER 


We will assume that the contacts have just opened and that the boiler 
pressure is correct. There is a sudden demand for steam so that 10 seconds 
later the weight has pulled the contacts into the position shown in Fig. 325a. 
The cams now allow the detecting contacts to close and in two seconds the 
“ raise ” contact s meets the “ pressure rate of change ” contact w, Fig. 325b. 
The “ raise ” controller receives a long impulse until the contact is centralised 
as in Fig. 325c. Just before centralisation the pressure measuring contacts u 
and J make and register a “ raise ” impulse, but as the contacts n s are also 
giving the raise impulse this makes no difference. The contact arms then 
open and wait 10 seconds. 

If the pressure continues to drop, exactly the same sequence takes place 
except that contact u will meet contact j sooner, but if the correction applied 
by the controller is enough to check the fall in boiler pressure so that it remains 
constant at just below normal pressure the condition after the 10 seconds will 
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be as in Fig. 325d. The contacts then close and no “ rate of change ” impulse 
is given, but a short “ raise ” impulse is given by contacts u and j as in 
Fig. 325e. 

If sufficient correction has now been given to make the pressure start 
rising fairly rapidly the situation will be as in Fig. 325f at the end of the next 
15-second period. The boiler pressure contact j is still low, though not quite so 
low as before, but the rate of change contact n has risen. When the contacts 
approach, the first impulse is a “ lower ” impulse due to the meeting of contacts 
n and r, Fig. 325g. This is soon neutralised by the ‘‘ raise ” impulse when 
contact u meets contact j\ Fig. 325h. Thus as soon as the conditions start to 
change the controller prevents them changing too much and performs the 
equivalent of compensation in a system where compensation is impossible. 

This ingenious and very simple mechanism protects a system which is 
non-reactive, and which has an appreciable and variable lag, from hunting and 
SUPPRESSES all overshooting. It has other advantages in that its operation 
can be watched and its impulses can be made plain by means of pilot lamps in 
the raise and lower circuits. It can be used for all sorts of things other than 
boiler control—for anything in fact that is non-reactive and consequently calls 
for suppression. 

It will be noticed that in the rate of change part of the detector contact n 
is centralised or RESET every 15 seconds. Any controller which measures 
rate of change and acts on it is called a RESET controller. 

529 . FOLLOW-UP OR SELF-CENTERING GEARS. These are hardly 
automatic controls. They are simply links in a system of control, but they are 
frequently used in automatic controllers and should be understood. Their 
original application was for operating a heavy mechanism by means of a light 
pilot control. Long before the word “ Servo ’’ was in common use, these 
steam servos were in constant use on shipboard for reversing gears and steering 
gears. In automatic controllers they are often present on a small instrument¬ 
like scale, as relays, servos or pilot valves. 

A good example, which is more easily understood than a relay, is the 
reversing gear of a large reciprocating steam engine. Where valve gear is 
small and light it can be moved by direct manual means. Where it is rather 
larger it can be worked by hand through a worm reduction gear, but where it 
is very large, yet must be moved quickly, in the manoeuvring of a ship for 
example, it is necessary to have a light hand control which is exactly repeated 
by a heavy mechanical gear. 

Fig. 326 shows diagrammatically a large marine engine reversing gear. 
A is the main engine valve stem. B is the Stephenson link which is rocked by 
the piston C in the steam cylinder D. The slide valve of cylinder D is shown 
at E ; it has no lap, and is connected to the end of the floating lever F. The 
floating lever F is connected by links to the hand lever G and the rocking 
lever J. 

If the hand lever G is moved into the dotted position the floating lever F 
swings about pivot K and moves valve E forward admitting steam behind 
piston C. This moves the link motion over to the dotted position and lever J 
swings the floating lever F about pivot L until valve E closes. The main gear 
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FOLLOWS UP the hand gear until it takes up an exactly corresponding new 
position. If during running the link B moves out of position either way, the 
floating lever F will swing about point L, will open valve E a small amount and 
will restore the gear to the set position. This wandering, or ‘‘ creeping ’’ as it 
is often called, is well known on some marine engines. In this description it 
has been suggested that the main gear follows behind the hand gear. This of 
course is true, but the rate of follow is so quick as to be to all intents and purposes 
instantaneous. 



530 . STEERING GEARS. The gear shown in Fig. 326 could work quite 
satisfactorily as a steam steering gear, if link B were replaced by a full sized 
helm and were G a miniature tiller. The mechanism would however have to 
be exceedingly large and cumbersome. The same principle is used in the 
ordinary steering engine, but, owing to the fact that the engine may have to 
make several or many strokes the valve gear must be more complex. 

Fig. 327 shows diagrammatically the principle upon which most steering 
engines work. The engine must be two cylindered with cranks at 90° to ensure 
starting in either direction from any position. For simplicity only one cylinder A 
is shown in Fig. 327. The engine valve B is a hollow piston valve with little 
or no lap and with the eccentric set at 90° from the crank. Valve C is the 
control valve. When valve C is moved to the right steam is admitted to the 
engine steam chest through port F so that valve B becomes an outside admission 
valve. If the valve C is moved to the left steam is admitted to the valve chest 
through port G and valve B becomes an inside admission valve. An engine 
will of course reverse in direction if the inlet and exhaust valves are interchanged 
and this is what valve G does. 

The control valve C is moved by turning its valve spindle which has a 
screwed portion H passing through the screwed boss of the worm wheel J. 
When the wheel on the bridge is turned, the valve spindle screws in or out of 
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worm wheel J and admits steam to the inside or outside of valve B. Steam 
is admitted to one or other end of cylinder A ; the engine starts in the 
appropriate direction and turns the rudder gear L through the worm K. 
At the same time the worm M is turning the worm wheel J which screws the 
valve C back to the central point and shuts off the steam supply. 



However slowly the steering wheel is turned the engine will follow until 
it has restored valve G to the mid position. If the steering wheel is spun round 
hard a-port or hard a-starboard—^sorry ! hard right or hard left—the engine 
will be on full throttle and will chase after the impulse, until it has caught up. 
The amount that the engine turns is exactly proportional to the amount the 
steering wheel has been turned. If by any chance the engine is running so fast 
that it overshoots, valve G will reverse and the engine will turn back to the 
right place. Overshooting is very unlikely because valve G is always being 
closed by the engine as fast as the man at the wheel is opening it. Like the 
reversing gear, this gear is inherently self-compensating. 

This device is not an automatic control, but is sometimes a very useful 
device for inserting in the circuit of an automatic control system as a form of 
very powerful compensated relay. It is a beautiful, simple mechanism which 
has proved itself on thousands of ships over the last half century. 

The reversing gear and the steering gear are examples of remote control 
coupled with great power magnification. In many operations great improve¬ 
ment in process operation would be secured by remote control of things like 
dampers and valves where power magnification is not needed. Hydraulic 
means, such as the Lockheed devices, can often provide a very neat solution to 
remote controls. 

Gears of the kinds just described are to be found, on an instrument or 
model scale, on many automatic controllers. It will be seen that the follow-up 
movement of the main mechanism embodies a form of excellent compensation. 
Movement of the main gear resulting from the hand impulse is used to diminish 
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and eventually eliminate the impulse. There is however an important difference 
between the compensation in a follow-up gear and the compensation in a 
control such as that shown in Fig. 130. Fig. 130 shows a complete automatic 
control, where the impulse is produced automatically. The device shown 
in Fig. 326 is merely a relay on a grand scale. It is not reactive. The impulse 
originated in the skipper’s brain, it does not spring automatically from the 
apparatus. The response of the ship neutralises the impulse in the skipper’s 
brain. The real compensation should be between ship and skipper. 

531 . OPERATING MEDIUM. Almost all automatic controls must be 
indirectly operated if they are to be really satisfactory. Any complicated 
compensation, suppression, or the addition or subtraction of a number of 
impulses can be so much better done on an instrument scale than on the full 
scale. Controls are worked by hydraulic means, by water, oil or special 
liquids ; or pneumatically, by compressed air or steam ; or by electricity ; 
or by mechanical relays. All these systems have their particular virtues and 
particular applications. 

Hydraulic. The great advantage of hydraulic operation is absolutely 
positive action. Water or oil are incompressible, so that if either be 
admitted behind a piston in no matter how small quantity the piston must 
move. As the water or oil cannot expand the piston cannot overshoot. If the 
liquid is oil, the whole mechanism is lubricated, but oil leaks are dirty and a 
return line to a sump or tank is needed. Water, however pure, tends sooner 
or later, to clog the small orifices of controllers. Sometimes the blockage is 
due to scale or solid dirt, more usually it is slime. Unless there is some good 
local reason for using water, oil is generally preferable. But water is cheap ; 
water leaks are less objectionable ; the small amount of water used can be 
wasted and there is no need to provide a return line. 

Pneumatic. Steam is often very convenient in steam control gear. The 
principal disadvantage of steam is that it can and does condense and the 
condensate may be very troublesome. Steam is hot and somewhat messy 
compared to compressed air. Compressed air is clean, air leaks are free from 
objection, there is no need for a return line, but air is compressible and therefore 
the action may not be positive. On the other hand, the very fact that air is 
compressible enables some very tricky effects to be produced. 

Electrical. Condensers and Wheatstone bridges can do all kinds of calcula¬ 
tion for us. Electrical impulses can be made visible by pilot lamps. Electrical 
primary impulses can be incredibly small yet can be amplified to any extent by 
valves and relays. But electrical contacts are always troublesome or at least 
sources of weakness, and the final electric regulator drive is a high speed motor 
which calls for a reduction gear. Huge magnets or enormous solenoids are 
neither practical nor economic. 

Mechanical. Mechanical relays, in the form of trips or clutches can be very 
convenient in many kinds of on-off control. There are several types of 
mechanical amplifier, one of which is described in Section 533. But for all¬ 
round usefulness mechanical controllers are not nearly so flexible or adaptable 
as hydraulic, pneumatic or electrical devices. 
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Taking all things into account, compressed air is possibly the best medium, 
but it may often be very desirable to mix it up with electricity. The outstanding 
advantage of electricity is that its action can be made visible whereas compressed 
air is hidden inside a cylinder. An electrical boiler control system does not 
necessarily work any better than a pneumatic system. But, in the electrical 
system, every impulse, in direction and duration, can be made visible on pilot 
lights. The fireman can see that the controller is doing its stuff and he can see 
just exactly what it is doing and can compare this with what he would do. 
The hydraulic or pneumatic systems work equally well but they hide their 
light under a cylinder and the fireman cannot see what is going on. Pressure 
gauges can be fitted at various points on pneumatic or hydraulic systems, but 
their message may be difficult to decipher and can never be so clear as that of 
a pilot lamp. As such pressure gauges are not essential, it is usually only a 
question of time before they are allowed to get out of action. It is important, 
especially in a boiler house, that the controller should remain the servant and 
not become the master and a good fireman will constantly use his brains and 
experience to help the brainless controller. The fireman cannot do this if he 
cannot see all the time exactly what the controller is doing, or has to wait 
until the boiler bursts before he realises that the controller is taking a day off. 

532 . PREVENTION OF STICKING. An impulse may call for a very 
small movement of the regulator. If the regulator has to move a valve whose 
gland or bearing is tight there is a risk that the valve will move in jerks. 
Similarly the detector may tend to move in jerks if it contains a piston. In 
Fig. 324 the method used by Kent for preventing sticking and jerky action was 
shown to be a continuous rotation of the piston. In some of the Swiss automatic 
controllers using oil as the medium, a small short-stroke valvcless pump is 
fitted in the oil circuit so that all the hydraulic pistons are given a small 
continuous reciprocating movement. This is an excellent way of preventing 
sticking and ensuring instant response to the impulse. The resulting ripples on 
the regulator are so small and quick that no perceptible fluctuations can be 
seen in the regulated flow, but the continual movement does of course mean 
more rapid wear and more maintenance. 

A more subtle method of preventing sticking is provided in the Foxboro 
controllers, which are so arranged as to be really on-off controllers operating 
so rapidly (it is impossible to detect the action by eye) as to be virtually 
continuous. If any part of the controller sticks, for example the pen on the 
recorder chart, the controller at once stays on or off for a fraction of a second, 
and the regulator gives a kick that unsticks the gear. This system, applied to 
the earliest possible link in the control chain effectively prevents any part of 
the controller mechanism sticking. 

533 . MECHANICAL RELAYS. Fig. 328 shows the Bush torque amplifier, 
or mechanical relay which can give back-lash-free amplification of 10,000 
times, either as continuous rotation in either direction or for small angular 
displacements. It is used in the elaborate differential analyser which can solve 
complex equations that are intractable to ordinary methods. 

The two drums, Dd and D V', each of two diameters can rotate freely on the 
input and output shafts I and O. These drums are driven by chains continuously 
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and in opposite directions at a speed a little faster than the maximum speed of 
rotation of the input shaft. Round each of the lour drums is wound a cord, 
like a Prony brake. 

On the inside end of the input shaft is pinned an arm P, carrying a bar p 
to the ends of which are fastened two very light cords wound round the small 
diameter of the drums d d\ in opposite hands. The other ends of these cords 
are attached to a bar q carried by the double arm Q which can rotate freely on 
the output shaft O. At the opposite end of arm Q is a bar q' carrying stout 
cords wrapped opposite handedly round the large drums D D'. The other 
ends of these stout cords are attached to a bar r carried by the arm R which is 
pinned to the output shaft. 



FIG. 328. MECHANICAL RELAY 


When the input shaft rotates it will tighten one of the light cords which will 
grip the small drum and this will turn arm Qin the same direction as the input 
shaft with appreciable torque magnification. Arm Q, will tighten the appro¬ 
priate stout cord on the large drum. The stout cord will be carried round 
dragging the arm R and turning the output shaft with considerable force. 

Provision, not shown in the diagram, must be made to adjust the tension 
of the cords. It does not matter, from the sensitivity point of view, about the 
braking effect of the cords because the power drive can be as powerful as is 
convenient. The only load on the input shaft is that needed to tauten the light 
cord, which can be made extremely delicate. The light cord only need be 
sufficiently strong to tauten the heavy cord. 

The successful use of this device on an extremely accurate machine is a 
guarantee of its sensitivity and freedom from back-lash. 

During the war many most ingenious mechanical amplifiers have been 
devised for aircraft controls. Some of these are mixtures of mechanical and 
electrical, or mechanical and hydraulic, but the device shown in Fig. 328 is a 
purely mechanical amplifier, relay or servo. 
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534 , PRE-DETERMINED SEQUENCES. These are hardly automatic 
controls in the true sense in that they do not limit varying quantities or deal with 
an unprogrammed event, nor do they try to restore conditions to a given state. 
They merely carry out a programme, which may be variable, but must be 
preset at least in part. Notable and complex examples are the Jacquards and 
Dobbies on looms and the perforated rolls on piano players, or monotype 
machines. There are other types which can be useful in the steam using factory. 
Here is an example :— 


535 . FILTER PRESS PRESSURE CONTROLLER. Filtration in a process 
factory can, if badly done, be a great steam waster, or, if well done, a great 
steam saver. For example good filtration of a sugar solution enables the solution 
to contain only 30 per cent, of water, bad filtration may easily call for 35 per 
cent, of water to reduce the viscosity of the liquor to enable it to pass through the 
filter at the necessary rate. All this extra water must be evaporated by the use 
of steam. 


30 per cent, of water on 8,000 tons of 
sugar a week is . . 

35 per cent, of water on 8,000 tons of 
sugar a week is . . 

Extra evaporation 
or 


3,430 tons of water. 

4,310 tons of water. 

880 tons of water. 

11 o tons of coal a week. 



TIME 


FIG. 329. PRESSURE/fLOW CHARACTERISTIC 
IN FILTER PRESS 


It is important that the filter press be started up gradually and smoothly 
so as to build up an even porous cake. The pressure/time curve should be 
something like the full-line curve in Fig. 329 which also shows the approximate 
flow—also as a full line—that would be obtained. Too quick an application of 
pressure packs the cake hard on to the filter cloth and, though causing a greatly 
increased momentary flow, causes the flow to fall off rapidly. The broken lines 
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in Fig. 329 show the prcssurc/timc and flow/time relations with a quick rise of 
pressure. In order to get the throughput, the viscosity and hence the density 
of the liquor must be reduced by the addition of water which must all be subse¬ 
quently evaporated. The alternative method of reducing viscosity is to increase 
the temperature which causes the destruction of sugar and is even more undesir¬ 
able than extra evaporation. 



FIG. 330. FILTER PRESS PRESSURE CONTROLLER 



TIME 

FIG. 331. PRESSURE/FLOW CHARACTERISTICS 
WITH PRESSURE CONTROLLER 


The simple device shown in Fig. 330 gives a gradual, even, pre-determined 
but adjustable pressure application. A is the liquor feed valve to the filter press. 
This is shown in the shut position. The valve is operated by the weight B 
and the float C. The float is caused to rise, at any pre-determined speed, by 
a supply of water to the float tank D. This supply of water is set for rate of flow 
by the valve E. When the float rises to the top and the valve A is fully open, 
the float lifts lever F and shuts off the water supply. When the run of the filter 
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press is finished, the hand lever G is turned through 90®. This cuts off the water 
supply to the tank by means of cock H and opens the tank drain cock K. The 
float falls quickly but steadily and closes valve A without shock. 

Any characteristic time/pressure curve can be achieved by putting a shaped 
filler into tank D, so as to alter its progressive cross section. Suppose the plain 
tank D gave a straight pressure/time curve like that shown as a full line in Fig. 
331 ; by putting the filler O, shown chain-dotted in Fig. 330, into the control 
tank the pressure/time curve can be altered to that shown chain-dotted in 
Fig. 331. By fitting a filler shaped like the broken line P in Fig. 330 the pressure/ 
time characteristic can be made to follow the broken curve P in Fig. 331. 

To start the press all that has to be done is to move hand lever G back 90® 
and so close the tank drain K and open the control water supply cock H. 

This is a crude but simple arrangement. It could have been replaced of 
course by a proper automatic controller in which a clock, a cam and a com¬ 
pensated pressure regulator could have opened the valve A. 

The tank, control valve, piping, etc., and a recording pressure gauge cost 
£iSo, labour 3^113. 

Although the device gave the required pressure/time characteristic, it was 
a complete failure, apparently because the throttling disturbance at valve A 
broke up the precipitate floe and undid the good done by the gradual 
pressure rise. 

♦ ♦ ♦ 

A number of different true automatic controls will now be described. As 
far as possible the more simple controls will be dealt with first. It is difficult 
to arrange these descriptions in a really logical order, but it is hoped that the 
following sections will not be found too much of a hotchpot. 

536 . AUTOMATIC DENSITY CONTROLLER. Mother syrup after 
separation from sugar crystals is supersaturated and contains very fine crystals 
in suspension. These fine crystals must be dissolved and the syrup must be 
brought down to below saturation lest crystals be deposited in tanks and pipes 
causing eventual blockage and much labour for their removal. For subsequent 
reprocessing the density must almost always be reduced to at least 70 per cent, 
solids in solution. Whatever the density fixed upon, it must be adhered to as 
closely as possible because too high a density so increases viscosity as to hang 
up the next process, while too low a density calls for unnecessary subsequent 
evaporation. To do the density reduction manually is difficult. It necessitates 
taking temperature and hydrometer readings with consequent lag in control. 
If the man makes a mistake by letting the syrup go at too high a density he 
immediately sticks up the process and calls forth the wrath of the process 
foremen and managers. If he errs on the dilute side retribution is delayed until 
figures for steam, etc., have been worked out. He is therefore human and hopes 
that if his errors are on the dilute side he may get away with them and he 
generally errs to the extent of about 2 per cent, of unnecessary water. At this 
particular point in the process about 5,000 tons of sugar a week are dealt with 
in the author’s factory. 
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30 per cent, of water on 5,000 tons of 

sugar a week is . . .. .. .. 2,140 tons of water. 

32 per cent, of water on 5,000 tons of 

sugar a week is .. .. .. . . 2,350 tons of water. 

Extra evaporation .. .. .. 210 tons of water, 

or .. .. .. .. .. 25 tons coal per week. 

The syrup density is automatically controlled in a very satisfactory manner 
by the device described below. 

A column of water is hydrostatically balanced against a column of syrup. 
The balancing is done by means of compressed air bubbled through the columns. 
In order to prevent errors due to lag or errors in sampling the whole of the 
throughput is passed through the syrup column. Changes in syrup density 
cause changes in the relative air pressure needed to bubble the air through the 
liquid columns. These variations in relative air pressure are used to operate 
the valve admitting the diluting water. 



FIG. 332. AUTOMATIC DENSITY CONTROLLER 

The syrup column takes the form of a long narrow weir tank A in Fig. 332. 
The object of this shape is to reduce the volume of the column as much as 
possible while giving the maximum length of crest for the weir. The weir 
is of such a length relative to the flow that the crest level does not vary by more 
than ^in. between full flow and zero flow. This introduces an error due to 
column height in a 60 in. column of • 3 per cent. Air is supplied at low pressure 
through the reducing valve B to the two bubblers C. These bubblers are just 
small glass bottles half full of water through which the air passes so that the 
amount of air can be controlled by eye by means of valves D so that each column 
receives the same small quantity of air. The left hand pipe E leads to the bottom 
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of the water column which is kept at constant height by means of the water 
drip F and the overflow G. The right hand pipe H is connected to the air bell I 
in the syrup column. Equal amounts of air are passed through the two liquid 
columns. The air pressure needed to bubble air through the liquid columns 
of constant height is proportional to the density of the liquids. The two pipes 
E and H have connections to each arm of the mercury U-tube of a Kent flow 
meter. The pressure in pipe E is always the same. Any variation in pressure 
due to variations in density of the syrup in tank A cause changes in the position 
of the mercury in the U-tube. These U-tube changes cause the float K to rise 
or fall. If the syrup is too dense the float will fall. This will lift the link L 
which, due to the lever multiplication will lift the chopper blade M an appreci¬ 
able amount for very small changes in the mercury level. The chopper M is 
interposed between the air jet N and the air pipe O. As the chopper M rises 
air blows across the gap into the air pipe O. This puts a pressure on the dia¬ 
phragm P and opens the water valve Q, diluting the syrup and reducing its 
density. As the density varies considerably with temperature and the syrup 
temperature fluctuates, the thermostat bulb R in the syrup column A operates 
valve S and admits steam to the perforated blower pipe T maintaining the 
temperature constant at 160° F. 

The device can handle variations in density, flow and temperature and turn 
out syrup at a constant density with a constant temperature. There is no 
compensation so that the controller hunts continually and rapidly. The 
fluctuations are so small and so rapid that they are of no consequence. When 
first installed elaborate means were taken to try and ensure intimate mixing 
of the syrup and the diluting water, but this was found to be unnecessary and 
was dispensed with. Three of these controllers saved 25 tons of coal a week and 
a man on each shift, as well as giving more consistent process results. 

537 . SELECTIVE TEMPERATURE CONTROL WITH OVERRIDING 
FLOW CONTROL. In a sugar refinery the principal heat use is the evaporation 
of water during the crystallisation of sugar in the vacuum pans. The vapour is 
condensed by river water in jet condensers and the heat in the vapour is lost. 
For some 40 years in the author’s factory much of this waste heat has been 
recovered in heating up all the incoming town water (for process and boiler 
feed) to about 125° F., by means of surface condensers inserted in the vapour 
pipes between the pans and the jet condensers. 

As sensible heating by waste latent heat is one of the most fruitful sources 
of heat economy, the actual saving will be worked out :— 

Water used per ton of sugar .. . . .. 400 gallons 

Weekly sugar throughput .. .. .. 8,000 tons 

Weekly water consumption .. .. . . 3,200,000 gallons 

Heat added per gallon .. .. .. . . 700 Btu 

Total weekly heat saved .. .. .. .. 2,240,000,000 Btu 

Goal equivalent at 82 per cent, boiler efficiency 

and 95 per cent, plant efficiency .. .. 107 tons coal 

a week or over £is>ooo a year 

In 1939/40 it was decided that this water, before going to process or boiler 
feed, could do all the factory space heating, all the process air heating, all the 
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air conditioning heating and could also supply the social hot water to some 200 
baths, showers, basins and sinks. The water is circulated rapidly round a 
circuit comprising the heating systems and the pan condensers, the process and 
boiler water being bled off after the condensers. (The system is shown in Fig. 
418 and described in Section 761.) 

The vacuum on each pan varies according to its process state between about 
20 in. and 26 in., so that the vapour temperature varies between about 125^ F. 
and 160° F. The water demand fluctuates somewhat violently due to certain 
necessary batch operations. The control therefore must allow whatever flow 
is called for to flow through the condensers but should ensure that the most 
water should pass through the hottest condenser. The arrangement is shown 
in Fig. 333. 



Pipes A, B and C (C is not shown) lead from the three surface condensers 
into the manifold pipe D which leads to the heating circuit, the process and the 
boiler house. The water from A passes the thermostat bulb E. If the tempera¬ 
ture of the A water rises the thermostat expansion rod F rocks the contact blade 
G and makes the contact H. This starts up the Hopkinson-Carlstadt split field 
motor I in such a direction that the double reduction gear shaft J rotates counter¬ 
clockwise. The wire attached to pulley K lifts the lever L and opens the butterfly 
valve M to allow more water to pass through the condenser as it gets hotter. 
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The wire attached to the small pulley N on shaft J pulls up lever O which draws 
the contact H away from the contact blade G and thus provides compensation. 

This part of the mechanism therefore passes more water through any con¬ 
denser that gets hotter and is provided with compensation to eliminate hunting 
and overshooting. 

Tank P is connected to the main manifold pipe D and is at the topmost 
point of the system. When the valve M is opened and more water is allowed 
to pass through the branch pipe A, the level in tank P rises and exerts a greater 
pressure on the diaphragm Q. This rocks the contact blade R towards the 
contact S. This starts the split field motor T so that the pulley U turns clockwise 
thus rocking the contact blade R so that contact R is drawn away from contact 
S providing compensation. At the same time, pulley W is rotating clockwise. 
This turns the countershaft X clockwise and with it the pulley Y. Pulley Y 
pulls up lever O and draws contact H away from the contact blade G and 
perhaps brings contact Z into contact with blade G. This reverses the motor 
I and cuts down the water flow. But the flow reduction due to the rotation of 
shaft X is applied to all three condensers and immediately motor I starts the 
compensation will break contact GZ. The effect therefore is to cut all the 
flows but to maintain the larger flow through the hotter condenser, and to 
compensate this flow control. 

We have individual thermostats trying to pass more water through their 
condensers the higher the condenser temperature. We have the control 
tank P adjusting the total flow so that it meets the demand. 

Now suppose condensers B and G are both cold because for some reason the 
pans to which they are connected are temporarily off together. Condenser A 
will not provide sufficient water even if its thermostat opens valve M fully. 
The level in the tank P will fall, diaphragm Q, and contact arm R will start 
the motor T so that it turns the shaft X in a counter-clockwise direction. This 
lowers the adjustment of all the thermostats. But the cold condensers B and C 
still do not respond and open their valves. The other end of the wire that is 
attached to pulley K is attached to pulley a which is free to rotate on shaft X 
but is normally prevented from turning by the stop c. Collar d is keyed to the 
shaft X and when shaft X has turned sufficiently to bring the thermostats into 
action, further turning causes pin e on collar d (and the corresponding pins on 
the other gears attached to the other condensers) to engage pin b and rotate 
pulley a. This opens the valve M, and the valves on the other condensers until 
a sufficient water flow has been produced. The water will of course not be so 
hot because some of it will have passed through cold condensers. 

The amount of radiator heating is about 10,000 sq. ft., the air heated in 
conditioning plants and driers is about 175,000 cu. ft./min., and some 200 taps 
arc fed with hot water. It is estimated that a steam saving equivalent to 
35 tons of coal a week in winter has been secured by this system. 

This controller was designed in the author’s factory and made from standard 
Hopkinson components. The cost of the regulators, valves, thermostats, 
shafting, pipes, etc., was ;(^38i. The labour cost of installation was and 

there were some 200 hours of draughtsman’s time. 

« « * 
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One of the advantages of using an indirect control through an operating 
medium is that it enables all kinds of different impulses to operate the control. 
Some of these controls are very complicated, and, although really simple to 
follow if worked out step by step are rather daunting. We will make a gradual 
approach. 

538 . RUTHS ACCUMULATOR CONTROL. Section 444, Chapter 16, 
described the requirements for controlling a Ruths accumulator. Look at 
Fig. 334 which is a diagram with the controller shown very large, the regulator 
small and the accumulator tiny—^for clarity. The valve A supplies the high 
pressure steam for the low pressure main direct or for charging the accumulator. 
The impulse a is the surplus impulse and must try to open the valve when the 
high pressure main is above say 148 psi. The impulse b is the reducing impulse 
and must open the valve when the accumulator pressure is below say 27 psi. 
The impulse c is the overriding safety impulse which prevents impulse a from 
operating if the accumulator is fully charged—that is when its pressure is up 
to 100 psi. Actually the Ruths controller is different from the controller shown 
in Fig. 334. The reason for describing the Ruths control by means of the 
imaginary controller shown in Fig. 334 is to introduce the subject of multiple 
impulses in an easy way. 

The oil pump B draws oil from the sump tank G and pumps it into the 
pressure line D. The pressure line has an ever open connection to the top of 
the regulator cylinder E. The pressure pipe is also connected to two vents or 
leaks G and H which can be throttled or closed by the rockers K and L. When 
both vents are throttled or closed by the rockers the oil pressure drives the 
piston F down and opens the valve A by means of the wire M. Valve A can 
only be opened when both vents are throttled. If either vent is opened, the 
pressure is released and the valve A closes due to the weight N which pulls the 
piston F up and drives the oil out of the cylinder through the open vent. The 
oil runs back to the sump C through the drain O in the controller. When the 
valve is to remain stationary, the vents must be so throttled that they can pass 
the output of the oil pump and no more. Then no oil can enter or leave the 
cylinder so that the piston does not move. 

All the time that the accumulator pressure is below 100 psi the impulse c 
acting on the bellows in chamber c is not strong enough to overcome the pressure 
of spring P. Vent G is therefore always closed until the accumulator pressure 
reaches 100 psi. As soon as the accumulator pressure reaches 100 psi the 
pressure in chamber c is enough to overcome the spring P and vent G is opened. 
All the time that the accumulator pressure is at 100 psi vent G will be open, 
the oil can escape from the regulator cylinder and the valve A will be shut, and 
nothing that the surplus and reducing impulses a and b can do will make it 
open. So long as the accumulator pressure is below 100 psi the vent G will be 
closed and the operation of valve A will be solely controlled by impulses a 
and A, whose goings on we will now study. 

Vent G is closed and takes no part in affairs. Rocker L is acted on by two 
pairs of knife edges. Impulse a comes from the high pressure main and at, 
say, 148 psi the pressure in chamber a is sufficient to move the bellows against 
the pressure of spring Q. Rocker L will move down and close the vent H, 
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using the R spring knife edge as its fulcrum. When the high pressure drops 
below 148 psi the bellows will retire into chamber a until it comes up against 
the adjustable stop V. As the a bellows retires vent H opens, releases the oil 
pressure in the regulating cylinder and closes or tends to close valve A. If 
the a impulse (in reverse) is sufficient the valve A will be completely shut. 
The accumulator will then discharge until its pressure drops to, say, 27 psi 
when the spring R will overcome the 27 psi pressure in chamber b and ffie 
rocker L will rock, using the a bellows knife edge as its fulcrum and cause 
steam to blow over from the high pressure main regardless of the pressure in 
the H.P. main. 


ISO pf I 
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334 - diagrammatic arrangement of RUTHS ACCUMULATOR CONTROLLER 
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During the normal action of the accumulator when it is varying between 
nearly full and nearly empty, the impulse a is the only one that is operative. 
When the pressure in chamber 6 is at or above 28 psi the bellows ,in chamber h 
is pushed downwards against spring R until the stem of the spring knife edge is 
brought to rest by the adjustable stop W which screws in or out of the R spring 
adjustment T. So that so long as the accumulator pressure is above 27 psi 
the impulse b is out of action, rocker L fulcrums on R and impulse a takes 
charge. 

Attached to the end of rocker L is a wire with a spring X inserted in its 
length. This wire moves with the valve A and provides compensation for both 
impulses a and b. By choosing the right spring strength and extension, and by 
fitting the wire to the right point on the valve lever, any desired range can be 
obtained and all hunting can be eliminated. Impulse c needs no compensation. 
It is an on-off impulse and must have no range and therefore no compensation. 



539 . MULTIPLE IMPULSES. It is obvious that with a controller of this 
kind it would be possible to add all kinds of other impulses. For example we 
could add the three extra impulses shown in Fig. 335. Impulse d is so arranged 
that as soon as the high pressure main drops to 100 psi the valve A will be closed 
regardless of any frantic requests for steam from impulse b. Such an arrange¬ 
ment might be necessary to protect the high pressure line, which might be 
supplying an important engine, from sudden pressure drops. Impulse e is the 
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dynamo load and is detected by the solenoid shown and might be set so that 
whenever the electrical load reached 500 kW the valve A would shut so as to 
give the engine all possible steam. 

It will be noticed that these two additional impulses close valve A. Any 
additional impulse can be very easily arranged to close the valve because all 
the impulse detector has to do is to open an additional oil vent. It is much more 
difficult to introduce an additional impulse that will open valve A. Multiple 
impulses can be made to open the valve very easily if the regulator is reversed, 
so that the oil pressure shuts the valve and the weight opens it. Such an 
arrangement is however so dangerous that it should usually never be considered. 
Oil pump failure, leaks, burst oil pipes would all cause the valve A to open 
fully. 

It is possible to provide an impulse which will open the valve and override 
some or all of the other impulses, if this new overriding impulse operates a little 
oil valve in the oil pipe leading to some or all of the vents. In such an arrange¬ 
ment the impulse must be more powerful. The arrangement is shown in the 
case of impulse^in Fig. 335. The impulsey* will override the impulses a and b 
in such a way as to open valve A even if impulses a or b call for closing. Suppose 
the principal process heat user is a most important temperature-holding process 
where loss of steam pressure would mean the spoiling of much material. Then 
impulse f will demand steam from the high pressure system even if the high 
pressure system had dropped seriously in pressure and although the accumu¬ 
lator were not empty. It is unlikely that such a condition could be often met, 
but it is possible, if the accumulator is of relatively small capacity and if its 
discharge rates are substantially below the average flow of steam from the high 
pressure to the low pressure system. 

The temperature of the important heating process might be measured by the 
thermostat expansion rod Y which presses on the diaphragm Z which thus puts 
a pressure on the bellows chamber T. The bellows overcomes spring S and 
lifts the valve V thus supplying oil to the vent operated by impulses a and b. 
If the temperature drops, rod Y will contract and relieve the pressure on the 
bellows T, which will retire into its chamber and allow spring S to close the 
valve V. This puts both the a and b impulses out of action leaving only the 
emergency impulses d and e in operation. Unless an emergency electrical 
load or abnormally low high steam pressure is occurring the valve A will open 
and supply the low pressure main. 

540 . IMPULSE DETECTION AND AMPLIFICATION. The oil jets 
squirting from the vents on the controllers shown in Figs. 334 and 335 exert 
forces on the rockers and these forces must influence the sensitiveness and response 
of the controller. As the oil leak must be considerable and the oil pressure 
fairly high this disturbance will make the controller call for stronger impulses; 
or the bellows chambers must be large. 

In order to permit a very weak impulse to be correctly interpreted by the 
controller it is desirable to limit the disturbing force introduced by the oil jet, 
and to reduce the jet itself to a very fine bore. This would mean that the response 
of the regulator would be very slow. So in nearly all controllers an amplifier 
is introduced. This is called a relay or servomotor. 
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In some controls efforts are made to reduce the interference by the operating 
medium of the impulse detector. In one case, the Ruths, an almost perfect 
solution has been found. It is, however, not absolutely necessary, to eliminate 
interference, though elimination increases the sensitiveness of the controller 
to very weak impulses and this may be particularly important in some cases. 



I 

OIL DRAIN 
TO SUMP 


FIG. 336. RUTHS DETECTOR FOR SURPLUS IMPULSE 



337 - ruths DETECTOR FOR 
REDUCING IMPULSE 

541 . IMPULSE DETECTION—RUTHS. The Ruths controller operates 
with oil as its medium, and Fig. 336 shows a simple Ruths single-impulse 
detector. The impulse pipe is connected to the diaphragm chamber and the 
impulse pressure acts on the diaphragm. The diaphragm movement is trans¬ 
ferred through a short rod to the rocker which is pivoted on an adjustable 
fulcrum. The fulcrum point is only a very short distance—^much less than is 
shown in Fig. 336—above the point at which the diaphragm acts. This permits 
a very light spring to oppose the impulse pressure, greatly multiplies the move¬ 
ment of the lower end of the rocker and makes the detector very sensitive. 
The spring is not adjustable but can be quickly changed by taking off the top 
cover. This lack of spring adjustment is possibly advantageous as the fewer 
knobs there are to tempt the amateur experimenter the better. The lower 
end of the rocker is forked and embraces the vent pipe whose sides have flats 
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cut on them. The vent is formed by a hole drilled across the vent pipe passing 
through its central hole. The forked end of the rocker does not touch the vent 
pipe, but is just a clearance fit. There is an equal jet pressure on each prong 
of the lork so that no jet pressure can be transmitted to the rest of the mechanism 
and cannot react on the detecting diaphragm. I'he pressure impulse in Fig. 336 
closes the vent as the impulse pressure rises and the device must therefore be a 
surplus controller. Fig. 337 shows how easily the control can be arranged to 
act as a reducing control. It merely entails putting the vent hole on the other 
side of the fork. 

542 . DETECTION—ARCA. Fig. 338 shows part of an Area controller 
using water as the operating medium. The pressure impulse enters the bellows 
chamber at the top left. The rocker fulcrum is fixed, but the point which receives 
the impulse pressure from the bellows is adjustable. The impulse pressure is 
balanced by an adjustable spring. The vent jet is very small and is closed or 
throttled by a renewable pad on the end of the rocker. The jet interferes 
slightly with the impulse and, in the arrangement shown in Fig. 338, acts 
in the same direction as the impulse. This interference is so small that it can 
be ignored, because the detector operates the regulator through a relay. The 
detector as shown is arranged to receive a reducing impulse. 


ROCKER 



FIG. 338. ARCA IMPULSE DETECTOR 


543 . DETECTION—KENT. The Kent controller is particularly suited for 
operating any control which is to effect regulation in accordance with flow 
variations of any kind. The controller is simply a part of' a standard Kent 
flow meter. The control shown diagramatically in Fig. 339 uses compressed 
air as the operating medium. 
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A meter of the U-tube type is connected to the pipe whose flow is to be 
used as the impulse. One arm of the U-tube is enlarged and contains a large 
heavy float. Minute differences of mercury level are detected by the float 
and multiplied by a lever system to work a chopper which passes through a gap 
in the air pipe. When the chopper is raised the air blows, across the gap into 
the relay impulsing pipe. As the chopper partly or wholly chops off the air 
stream the air pressure in the relay impulsing pipe is reduced and the regulator 
is suitably activated. By shaping the chopper and by arranging that either its 
top edge or bottom edge does the chopping the desired characteristics can be 
secured. 



544 , DETECTION—OTHERS. There are many other different kinds of 
detector. The Electroflo uses diaphragms for pressure impulses and mercury 
U-tubes for flow, but the detection of the mercury level is done by a series of 
rods of graduated length which dip into the mercury and make electrical 
contacts. The Askania uses an oil jet passing across a gap as in the air gap of 
the Kent, but, instead of a chopper, a swivelling vane is used to deflect the 
oil stream. There is no need to describe all makes ; the principles are in 
general the same. 

545 . AMPLIFICATION. All high-grade controllers use a relay or servo¬ 
motor to amplify the message received by the detector. This enaUles the 
detector to be much smaller, more sensitive and cheaper and enables the 
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impulse to be much smaller or the regulator to be much more powerful. The 
amplification of electrical impulses need not be discussed ; there are many 
methods, relay, valve, transformer. The amplification of impulses which are 
pressure impulses or which convert the impulse into pressure is almost always 
done by means of a pilot valve exactly like the valve in the reversing gear shown 
in Fig. 326, Section 529. Some controls use two relays in series. Some 
relays, such as the Hagan, are really detectors or modifiers, not true relays. 
The Hagan transforming relay is a combined detector and modifier and can 
do all kinds of complex things. The secondary impulse from the transforming 
relay then goes to a true relay where a tertiary impulse is sent out to the 
regulator. The operation of a six-chamber Hagan relay will be described later 
in Section 554. 



FIG. 340. RUTHS HYDRAULIC AMPLIFIER 

A typical piston valve relay, the Ruths, is shown in Fig. 340, and is a simple 
follow up device like Fig. 326 only, by combining the relay or pilot valve with 
the main regulator it is possible to dispense with all external links and levers. 
In the actual Ruths regulator the impulse detector is carried in the same 
casting as the relay and regulator, but they are shown separately in Fig. 340 
for clarity. 

The oil supply enters the relay valve cylinder on the left and passes freely 
round the valve. A connection on the right hand side leads to the detector 
through a throttling needle valve. When the rocker fork throttles the vent, the 
oil pressure rises in the top of the relay valve cylinder which is connected direct 
to the detector. The valve will be pushed down against the valve spring 

548 



AUTOMATIC CONTROLS 


§ 545-546 

The valve is an inside admission piston valve. The oil has free entry to the 
inside of the valve through the large holes shown. The valve is free to slide 
up and down on the hollow piston rod. The lower part only of the valve is 
the operating part. Its inner face covers holes in the piston rod. The amount 
of possible oil flow through these holes is adjustable by the screwed rod labelled 
“ port adjustment ”. When the valve is pushed down oil is able to enter the 
centre of the piston rod. The oil passes down inside the rod and out of the 
holes into the top of the regulator cylinder. This oil pushes the regulator piston 
down against the regulator spring and opens or closes the valve that is to be 
regulated. 

As the piston moves down it carries the piston rod with it and this movement 
closes the relay valve ports. The piston will move no further until it receives a 
further oil impulse. The action is exactly the same as the valve gear in the 
reversing gear shown in Fig. 326. If the detector receives an impulse such as 
to make the rocker fork open the vent, the valve spring can push the valve up 
and force the oil in the top of the valve cylinder out of the vent. The lower 
end of the valve now uncovers the ports in the piston rod and allows the oil in 
the regulator cylinder to escape through the drain back to the sump. The 
regulator spring pushes the regulator piston up and this closes the ports in the 
piston rod by sliding them under the valve. The valve and regulator piston 
are perfectly compensated, but this is purely a local compensation on the 
secondary impulse. It has nothing to do with any compensation between the 
regulator and the primary impulse. This relay works very smoothly and 
positively. 

Most other makes of pilot valve or relay work on the same general principle. 
In some makes the pilot valve is built into the detector and the regulator 
cylinder may be some distance away. This calls for other means of compensa¬ 
tion between pilot valve and regulator. This secondary compensation must be 
provided, because if it were not, any opening of the pilot valve would make the 
regulator piston travel the full stroke until the primary impulse and the detector 
sent it back again and the controller would hunt over its full range. 

« * « 

To describe all the various makes of automatic control would take too long 
and is quite unnecessary. Most makers of automatic controls can provide 
controllers to carry out similar duties to any other controller. All the reputable 
makes are reliable and beautifully made and there is little to choose between 
them. 

Before continuing with the description of some automatic control applica¬ 
tions there are two kinds that must be briefly mentioned. 


546 . THE SELF-BALANCING WHEATSTONE BRIDGE. These beautiful 
instruments—the Kent Multelec and the Leeds and Northrup Micromax 
—can detect, record and amplify or regulate on minute electrical impulses. 
This may be exceedingly useful. They are very effective, very reliable, but are 
expensive intricate machines. 

The impulse is made to take the form of a millicurrent in one side of a 
Wheatstone bridge or a potentiometer bridge. The detector is a delicate 
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galvanometer. Now an accurate galvanometer is extremely fragile and has 
barely sufficient power to move its own needle let alone operate some detecting 
gear. The galvanometer needle in the instrument is allowed to take up its 
own position freely. A guillotine then drops and locks the needle. Two feelers 
then approach the needle scissors-fashion from either side. If the needle is 
central nothing happens. If the needle is deflected, due to an impulse, one 
feeler stops prematurely. The arrested feeler is then clutched to a rheostat. 
The rheostat is connected into the complementary arm of the bridge to that 
occupied by the impulse. The needle is then freed and the clutched feeler is 
centralised. The feeler that is clutched to the rheostat moves the rheostat 
during centralisation, by an amount and in a direction such as to bring the 
galvanometer back to zero because the greater or less resistance will have put 
the bridge in balance. 

During centralisation of the feelers the centralising gear can traverse the 
pen on the recording chart and can also operate any secondary impulse to 
work a regulator. 

This type of controller is particularly suitable for detecting and controlling 
by the minute currents from electrical thermometers or pyrometers. They are 
in use in the author’s factory for operating on impulses of the boiling point 
elevation of sugar solutions. 

547 . CHARGE AND DISCHARGE OF CONDENSERS. The electrical 
controllers which detect the impulse by using it to charge or discharge con¬ 
densers have some special qualities that make them particularly suitable for 
certain applications. They can sort out a number of impulses and can add or 
subtract these impulses. They are particularly suited to giving variable time 
lags. An example will be described using the application that is most familiar, 
namely the operation of traffic lights at a cross road. It is impossible to spare 
the space to describe the controller in detail and the diagram used is a skeleton 
diagram only, the real circuits are too complicated for quick understanding, 
except by an electrician. 

A condenser C in Fig. 341 is charged by the supply current through an 
adjustable resistance B. The rate of charge is so adjusted, by altering the 
resistance B, that the condenser will not be fully charged until a sufficient time 
has elapsed as will permit a vehicle to start and get well over the cross road. 
The condenser can be discharged through either of two circuits. The left hand 
circuit is connected through the adjustable resistance D to the road contacts 
G carrying the green right of way. The resistance D is adjusted to suit the 
speed of the traffic and the width of the cross road. Each time a vehicle crosses 
the contacts G the condenser C is partly discharged. If the vehicle is going 
very slowly the condenser is almost completely discharged due to the length of 
time that the slow vehicle will make the contacts G. If the vehicle is going very 
fast it will only need a short right of way time and this is automatically secured 
because the short time that the fast vehicle made the contacts G will only 
discharge the condenser a small amount. 

As soon as there is a lull in the traffic the condenser C will get fully charged. 
If now a vehicle makes contacts R on the red road, the condenser C will dis¬ 
charge through the relay E. This relay impulses the regulator which initiates 
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the sequence amber, green, etc. The neon lamp F is inserted in the right hand 
circuit so that this circuit cannot pass a current until the condenser is fully 
charged so that there will be a sufficient current flow to operate relay E smartly. 
During ionisation in the neon lamp no current passes, but as soon as the lamp 
glows the current flows fully. 

Clearly the controller as so far described is imperfect. A vehicle would only 
succeed in impulsing the controller if it happened to make contacts R when 
the condenser was fully charged. This difficulty is surmounted by the contactor 
H, whose local circuit is omitted for simplicity. When a vehicle makes contacts 
R it locks up contacts H and H' and so stores up in the controller a message that 



a vehicle is waiting at the red light. As soon as the condenser C is sufficiendy 
charged to discharge through the neon lamp, this discharge will take place 
through contacts H. In other words a vehicle approaching the red light says 
to the controller “ Let me through ”, and the controller does so as soon as there 
is a sufficient lull in the other traffic. 

But there is still an imperfection. If there is a continuous stream of traffic 
across the green right of way the condenser C will never get charged, and 
the vehicle waiting at the red light will have to wait indefinitely. This difficulty 
is overcome by the dotted circuit. The condenser K is charged very slowly 
through the very high adjustable resistance L. As soon as this condenser is 
fully charged it will discharge through the neon lamp M and the relay E if 
the contacts H' are made. This means that after a certain adjustable period 
of right of way on the green road the regulator will change the lights if a vehicle 
is waiting or arrives at the red light, regardless of the density of the traffic on 
the right of way. 

As soon as the controller operates relay E it starts a sequence of contact 
changes to put the green light to amber and the red light to amber and red, etc. 
In the new position when the side road has the green right of way the time lags 
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must all be different. So that the last operation of the regulator is to put a new 
set of resistances into operation and to change the road contacts G and R to 
opposite circuits. 

All kinds of refinements can be and are introduced. When the condenser 
C discharges and the regulator puts the green light to amber, the amber period 
is controlled by the charging of another condenser. If this condenser is charged 
rapidly through a low resistance the amber period will be short. By allowing 
contacts G to discharge the amber condenser to a small extent the amber period 
can be lengthened. This is done in some cases so that a driver racing up to 
beat the lights puts in an “ amber extension ” and is thus protected against 
himself. 






OO P o / 


FIO. 342. CONDENSER CHARGE CONTROLLER APPLIED TO COOLING OF FOOD CANS 

This condenser charging and discharging system is obviously an admirable 
way of adding and subtracting impulses and of providing all kinds of adjustable 
time delays. It is not confined to traffic control. Fig. 342 shows an application 
to a food packing problem. Cans are filled with a hot material which must be 
cooled as soon as possible before being stored in warehouse. The cans are 
filled at two points and with material at different temperatures and are placed 
on the steel bands A and B. The output from both conveyors goes to conveyor C 
which passes the hot cans through a refrigerated cooling tunnel. Cans from 
conveyors A and B are transferred to conveyor C by the gravity rollers D and E. 
These gravity rollers are provided with brakes F operated by thrusters G. The 
detection fingers H and J impulse the traffic controller which applies the appro¬ 
priate brake to the gravity rollers of the output of cans, thus economising in 
refrigerating power. In order again to lighten the load on the refrigerator 
the fingers H and J give an overriding prophetic impulse to the thermostatic 
controller operating the refrigerator. If the temperature of the cans is substan¬ 
tially different on either band the hot cans can very easily give a larger impulse 
to the refrigerator regulator by operating through a lower resistance. This 
enables the refrigerator to anticipate the arrival of many hot or few tepid cans. 
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The condenser controllers are obviously particularly suitable for counting 
or controlling a series of single happenings^ they are not so suited to controlling 
the variations in a bulk material. 

These digressions were impulsed by the consideration of multiple impulses. 
Before we continue our examination of some actual controllers in detail there 
are two matters which require a little attention. The first is the ensuring that 
the impulse will be correctly transmitted to the detector ; the second is the 
modifications that can be applied to a compensating gear. 

548 - CORRECT IMPULSE. All controllers depend fundamentally on their 
impulse. Unless the impulse delivers the right message regarding the state 
of affairs to be controlled, the controller, be it never so tricky, cannot 
possibly do its task correctly. When the impulse consists of steam pressure there 
is always the risk of condensate collecting in the impulse pipe and either adding 
its hydrostatic head to the impulse or locking the impulse pipe and strangling 
the impulse. The first danger occurs if the controller is below the pipes from 
which the impulse is being taken ; the second danger occurs if the detector is 
above the impulsing pipe. 


! .S 



FIG. 343. ENSURING CORRECT FIG. 344. ENSURING CORRECT 

PRESSURE IMPULSE WITH PRESSURE IMPULSE WITH 

CONTROLLER BELOW STEAM PIPE CONTROLLER ABOVE STEAM PIPE 

Fig. 343 shows a detector fitted below the impulsing pipe. The impulse 
should be taken off the top of the pipe to reduce the possibility of the impulse 
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pipe filling with condensate. The impulse pipe is brought down to a level just 
below the detector and carries at the lowest point a condensate collecting pot— 
which must not be fitted with an intermittent trap lest the blast action interfere 
with the impulse, but can carry a very small continuous trap. If there is only 
one impulse, or if more than one impulse comes from the same level, it may be 
permissible to keep the impulse pipes full of water. The precautions that have 
to be observed when the impulse pipes are kept full have been dealt with in 
Sections 224 and 227 in Chapter 6. It may sometimes be possible to keep the 
impulse pipes full of air. 

Fig. 344 shows the arrangement adopted in the author’s factory for keeping 
steam pressure impulse pipes clear of condensate where the detector is some 
90 feet above the pipe whose pressure is giving the impulse. Two impulse pipes 
are taken off the top and bottom respectively of the main and the actual impulse 
is taken off the top of the loop formed by the two impulse pipes. This arrange¬ 
ment induces a minute steam circulation in the impulse loop and prevents any 
accumulation of condensate except in that part of the impulse pipe below the 
main. This arrangement has proved satisfactory on superheated steam. 

549 . MODIFIED COMPENSATION—ANGLING BAR. The direct com¬ 
pensations shown in Figs. 129, 130 and 334 are simple and straightforward 
and give linear or directly proportional compensation. Now in some cases it 
may be desirable to give a lot of compensation at one end of the regulator’s 
movement and very little the other. Or, it may be desirable that the compensa¬ 
tion should be more intense at one particular part of the regulator position. 
Any such effects can be very easily obtained. 



FIG. 345. STRAIGHT LINE COMPENSATION WITH WIRE AND SPRING 

Fig. 345 shows a detector controlling a regulator which operates a valve. 
Direct straightline compensation between valve movement and detector is 
furnished by the wire and spring shown. Modified compensation is much more 
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easily secured by adding an angling bar to the wire and spring. Fig. 346 
shows the angling bar whose action is self-evident without explanation. In 
Fig. 346a the angling bar is so curved as to give an exact straight line compensa¬ 
tion identical with that produced by the wire in Fig. 345. The straight angling 
bar shown in Fig. 346b gives an ever diminishing compensation as the valve 
opens. In Fig. 346c compensation is cut out altogether during all the middle 
travel of the valve and very quick compensation is applied near the full open 
and full shut positions. In Fig. 346d the opposite arrangement is shown. 
There is no compensation near the full shut and full open positions but 
considerable compensation all over the main travel of the valve. 



FIG. 346. MODIFIED COMPENSATION WITH ANGLING BARS OF VARIOUS SHAPES 


By modifying the compensation it is often possible to make the controller 
give all kinds of tricky effects, either as a compensator or by using the regulating 
cylinder and angling bar as a transforming relay to produce a curved 
characteristic from a straight line impulse. Although it may be desirable to 
give a controller straight line compensation, it is almost always impossible to 
do this in practice by means of the plain wire connection, because the valve 
characteristics are seldom straight line functions. For this reason it is generally 
better to use an angling bar as a compensator rather than a plain wire connec¬ 
tion. In some automatic controllers the valve ports are so cut that the valve 
gives a substantially straight line flow/opening characteristic. In such cases 
the plain wire will be quite satisfactory, as it will be if compensation is not of 
very great importance. 

♦ 4c ♦ ♦ 

We can now return to the consideration of actual controllers. The control 
described in the following Section is complicated and deals with a somewhat 
tricky steam pressure problem. As it requires some concentration to follow, 
those readers who are not interested in the control of several interdependent 
steam pressures are advised to skip it, but they are asked to finish the remaining 
sections of this chapter which deal with the very important problem of the 
control of tanks with which this chapter opened. 
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550 . PASS-OUT, SURPLUS AND REDUCING VALVE CONTROLLER. 

This is a more complicated system than any yet considered. It has 
been chosen to show how easily a number of impulses can be led to a 
controller, sorted out by simple combinations of detectors and translated into 
the action of two regulators. The controller contains seven detectors, five of 
which are compensated. The actual controller is very small, compact and 
simple although it appears complicated. It was designed and made in the 
author’s factory using standard Area parts. The operating medium is oil. 




FIO. 347. PASS-OUT, SURPLUS AND REDUCING CONTROI.-THE PROBLEM 

Fig. 347 is a skeleton diagram showing the problem. Steam at 650 psi is 
supplied to the back pressure turbine which exhausts to the process at 70 psi. 
Distilled water for boiler feed is obtained from the quadruple effect still working 
between 250 psi and the process main at 70 psi. The steam for the still is 
normally drawn from the pass-out connection on the turbine. When the 
turbine cannot supply sufficient pass-out steam for the still, make up 250 psi 
steam can be obtained from the 650 psi main through the reducing valve A. 
The object of the controller is to provide the maximum of power and the 
maximum of distilled water with the least possible use of the reducing valve A. 

When the turbine is on nearly full load no pass-out steam can be taken. 
When the boiler pressure is low no steam must be taken through the reducing 
valve A lest the turbine cannot produce enough power with the lower pressure. 
No steam must be taken through the reducing valve A if it can be taken from 
the pass-out point. To ensure this the reducing valve A must not open until 
the pressure Pg on the 250 psi main is more than 10 psi lower than the pressure 
Pg at the turbine pass-out point. The pass-out valve must be shut during the 
process of putting the turbine on or off load, that is to say when the pass-out 
pressure Pg is below 150 psi. 
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B 

B 

A 

A 

B 

A 


Wc can tabulate the requirements thus :— 


Regulator 

A 

P2 

Pz 

Shut 

.. 

150 or less 

260 or more 

Full open .. 

. . 

180 or more 

240 or less 

Shut.. 

. . 615 or less 

Less than 10 psi 
above Pg. 

240 or more 

Full open .. 

More than 615 

More than 10 psi 
above Pg. 

220 or less 

Shut.. 

When the turbine is governing on 

the last valve. 

Must operate as a simple surplus and 
pass-out stop valve G is shut. 

reducing valve when the turbine 


The last requirement is met by means of a simple on-off' impulse from an 
electric switch on valve C. The last but one requirement is so rare, and the 
turbine driver will anyhow be so much on his toes in these circumstances, that 
this operation can be done by manual operation of stop valve C by the turbine 
driver. 



FIO. 348. PASS-OUT, SURPLUS AND REDUCING CONTROL—THE SOLUTION 


Fig. 348 shows the controller in diagrammatic form. As shovm the detectors 
apply the oil pressure directly to the regulating cylinders. This is only shown 
thus for simplicity. In practice the secondary oil impulses from the detectors 
operate the pilot valves of relays on the regulating cylinders. This simplification 
makes no difference to the general action of the device. 
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Cylinder GA regulates the 650/250 reducing valve A. This is an emergency 
valve which is a last resort. It is controlled by the reducing control AR, the 
differential control AD and the surplus control AS. Whenever the pressure P3 
is below 240 psi the detector AR throttles its vent in an endeavour to open 
valve A, and at 220 psi will completely close the vent and call for full opening 
of valve A. It cannot do anything however unless the other controls AD and 
AS are also demanding an opening of valve A. The surplus detector AS opens 
the vent fully if the 650 psi pressure falls below 615 and gradually throttles the 
vent above 615. So that the valve A cannot open unless P3 is below 240 and 
Pj is above 615 psi. The differential detector AD is in balance when the left- 
hand chamber, impulsed by Pg is 10 psi higher than the right-hand chamber, 
impulsed by P3. Consequently when P3 drops to more than 10 psi below Pg 
the valve A will open, provided the surplus and reducing impulses will permit. 
When P3 rises to 10 psi or less below Pg the detector will open its vent and 
prevent the opening of valve A regardless of any surplus or reducing impulses, 
received by AR or AS. 

Now when the pass-out stop valve C is closed, the valve A must operate as 
a straight surplus and reducing valve, so that the differential control AD must 
be put out of action. This is done by the solenoid CS which closes the little 
valve in the oil supply to the AD vent. 

The control has thus fulfilled the conditions of giving P3 the minimum of Pj 
steam when there is Pg steam available. 

Valve B, the pass-out valve, is controlled by BS which is the surplus control 
impulsed by the turbine pass-out pressure, and BR which is the reducing control 
impulsed by the 250 psi main. BS is set to call for a full opening of valve B as 
soon as the turbine pass-out pressure is above 180 psi. This control closes 
valve B whenever the turbine pass-out pressure drops below 150 psi. BR is 
the reducing control and tries to open valve B fully whenever the still pressure 
P3 is at 240 psi or less. When the P3 pressure is at 260 psi or more the control 
BR closes valve B. 

Controls AR, AD, BS and BR are compensated by means of angling bars. 
Any of them may at any time be doing the controlling. Control AS is not 
compensated because it is not a regulating controller but a permissive on-off 
controller which merely permits the controls AR or AD to regulate valve A. 

At N in Fig. 348 are two non-return valves in series. These are of different 
types and different makes. Their object is to protect the turbine in the event 
of the generator tripping out with the pass-out in action, lest the turbine were 
supplied with steam from the 250 psi line on no load and might run away, 
because the governor has no control over the pass-out. 

It requires some concentration to grasp the working of this controller, but in 
actual practice it is exceedingly simple and does its job. It fulfills all the con¬ 
ditions laid down in the stiff specification. "J’he valves and Area components 
cost ;(^6 i 2. The installation labour £210^ and draughtsman’s time was about 
150 hours. 

551 . TANK CONTROL. Having now seen the kind of things automatic 
controls can do and having investigated the details and operations of various 
kinds of controls we can return to the original problem with which we started 
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this chapter. How can a tank be controlled so that it fulfils its functions and 
acts as a tank to smooth out irregular processing ? 

We will assume that the control is to operate on the inflow to a tank and that 
it is to meet as far as possible the following set of conditions : 

The tank is to smooth out fluctuations in outflow with the minimum 
of interference to inflow. 

The full capacity of the tank is to be used. 

The inflow must be checked when the level is high and rising. 

The inflow must be fully opened when the level is low and falling. 

The control must ignore a high but falling level. 

The control must ignore a low and rising level. 

The control must allow as much freedom as possible about the 
average flow. 

The control must adjust itself to changing average flows. 

This very stiff specification is met, for all practical purposes, by two con¬ 
trollers which will shortly be described. It might be thought that it can never 
pay to instal such a refined instrument for such a mundane task as the control 
of a process tank. The answer is that the price paid for fluctuations must be 
worked out, as must the price paid for hold-ups. These must then be compared 
with the cost of the controller. 


If the plant is of a certain size and the throughput is fluctuating, obviously 
a greater output could be obtained were the throughput steady. The plant 
cannot do more than maximum throughput. When the throughput is fluctuating 
the maximum only occurs at times of peak. With continuous running the 
throughput can be set at just below, or even at, maximum all the time. Fluctu¬ 
ations in throughput can easily degenerate into intermittent running, which is 
even worse because it entails dead stops. The cost of dead stops must be cal¬ 
culated and their duration must be measured. In the author’s factory in 1939 
a dead stop cost one shilling a second. 

Suppose maximum throughput is not required. What then is the value of 
smoothness of throughput ? As an example, not necessarily typical but 
definitely existent, let us take the case of the author’s factory. When output is 
below maximum the density of the sugar liquor is so increased—to avoid 
subsequent evaporation—that the liquor will just process and no more. If 
the throughput varies there must be many periods of over average running to 
compensate for the valleys of under average running. This means that the 
liquor density must be set so that the peak rates can be processed. It is probably 
no exaggeration to say that perfectly smooth working would permit of processing 
at I per cent, higher density than when the throughput fluctuates. 


30 per cent, water for 8,000 tons sugar weekly is 

31 per cent, water for 8,000 tons sugar weekly is 
Extra evaporation 

or 

at 505. 


3,430 tons of water. 

3j 590 tons of water. 

160 tons of water. 

20 tons of coal a week 
£2^500 a year. 
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It may therefore pay handsomely to spend time and money on tank control^ 
if the throughput is large enough. 

If our tank controller is to fulfil the conditions there must be no direct 
compensation between tank level and valve opening. At times the tank level 
may be high and the valve may be either full open or tight shut. One of the 
reasons for the failure of the simple float valve is that there is perfect compen¬ 
sation between level and valve opening. So that either suppression must be 
used or compensation must be applied separately between the impulse and the 
detector, and between the controller and the regulator. The controller first 
described uses suppression, while the second controller uses double independent 
compensation. 

552 . MODIFIED IMPULSE. We want the controller to ignore broadly any 
variations in level throughout all the middle ranges of tank level. We want it 
to ignore a high level if the level is falling, and to ignore a low level if the level 
is rising. We want it to adjust itself approximately to the tempoi ary average 
rate of flow. The controller must be especially on its toes when the level is 
very high or very low. Clearly there must be two kinds of impulse ; a level 
impulse and a rate of change and direction impulse. The level impulse must 
be violent near the full and empty levels but must be negligible throughout the 
main range. It is possible to make the device that produces the impulse produce 
a modified impulse that fulfils this need. 





FIG. 349. MODIFIED IMPULSE WITH SHAPED 
DISPLACER. ADJUSTABLE BALL GIVES SMALL 
RESTORING OR RESETTING IMPULSE 

As we want some sort of impulse over the whole range of tank level it will 
probably be best to use a displacer. If we use a displacer we can shape it 
like that shown in Fig. 349. This displacer would consist of a light, say J in. 
rod with large conical displacers fitted to the top and bottom which will give 
increasingly powerful impulses as the liquid level approaches the top or bottom 
of the tank. Over the bulk of the tank range D the displacement of the J in. 
rod is so small as hardly to affect the impulse at all. 

560 



AUTOMATIC CONTROLS §552 

Sliding on the rod between the conical displacers is the ball F which is 
attached to a stout wire by which the height of the ball can be adjusted and 
locked to the top cone G. If we so adjust the controller that it is in equilibrium 
when G' + JF are submerged, the control will always try to bring the tank 
level back to the centre of F wherever F may have been fixed. If F is made 
very small relative to G and G' the tendency of the controller to restore the 
level to F will be slow. The effect of ball F is to bias the controller to restore 
the tank level to the level at which F has been set and thus to adjust itself to 
changing average rates of flow. If F were omitted there would be nothing to 
prevent the controller operating either on G or G' with the tank either full or 
empty if the average flow rate changed. By giving the controller a bias towards 
restoring a half full tank the controller will adjust itself to permit the use of the 
whole tank for fluctuations about a changing average. This modification of the 
impulse at the very start has greatly simplified the task of the controller in the 
simplest possible way. 



FIG. 350. PARALLEL DISPLACER AND CAM 
GAN GIVE IDENTICAL IMPULSE TO THAT FROM 
THE DISPLACER IN FIG. 349 

The same result can be secured from a parallel displacer by using the 
device shown in Fig. 350. The parallel displacer gives a straightline movement 
to the displacer which can send out a modified impulse through a suitably 
shaped cam. The displacer moves by an amount directly proportional to the 
change in level and rocks the cam which moves the impulse lever. The steep 
cam faces G and G' transform the straight impulse given by the displacer into 
magnified and increasing impulses identical with those produced by the conical 
displacers in Fig. 349. The position of the step F in the cam can be adjusted 
and this step corresponds exactly with the ball F on the displacer in Fig. 349, 
We have now got two ways of giving an impulse to the controller which 
is to all intents and purposes constant over the middle range of tank levels, 
which increases just as fast as we like to arrange it near the top and bottom of 
the tank and which gives a small continuous message to the controller demanding 
a general restoration towards an adjustable mid point. 
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553 . ELECTRICAL DETECTION AND CONTROL. Two of the essential 
requirements of the tank controller are that it should ignore a low level 
if the level is rising and ignore a high level if the level is falling, and that 
these ignorings should be varied at very high or very low levels. That is to say, 
if the level is very high the message must only be ignored if the level is falling 
very rapidly, and if the level is very low action must result unless the level is 
rising very rapidly. Now this is exactly what the Kent master boiler controller 
does. 

Fig. 351 shows diagramatically the essentials of a Kent master controller 
applied to tank level control. The impulse is derived from the shaped 
displacer A so that a suitably modified impulse is given. Changes of level 
operate the contact rockers B and C. Rocker B moves the contact D in exact 
reduced proportion to the movement of the displacer. The tension of spring E 
and the volume of the displacer are so adjusted that the contact D is central, 
that is on line b when the liquid level is just half way up the displacer ball F. 

Every 15 seconds the scissors contacts G and H, approach contact D under 
the action of cam J and spring K. These contacts detect whether the tank 
level is high or low, making a very accurate and magnified detection near the 
top and bottom of the tank and a very small detection over all the middle 
range. 

Rocker G is coupled to the impulse link L through a light friction clutch. 
The leverage is such that, for a given impulse, contact M moves much more 
than contact D. When the scissors contacts P and Q, approach contact M by 
the action of cam N and spring O they not only detect the position of contact M 
but they centralise it. So that at each 15 second cycle contact M records the 
amount and direction of the change of impulse during the previous 10 seconds. 
When the tank level rises the contacts D and M fall. Contacts D and M are 
connected to the D.G. supply and contacts G P and H Q are connected to 
either side of the split field motor R. 

When either contact D or contact M connects with G or H or with P or Q 
the motor will start in the appropriate direction. The length of time that the 
motor runs depends on the time that the contacts are made. The time that the 
contacts D G H make depends on the tank level. The time that contacts 
M P Q^make depends on the change of tank level during the last 10 seconds. 
The motor R operates the valve through suitable reduction gearing. 

Now suppose the level rises to any level F" above F' but below A'. Contact D 
will be displaced downwards a very small amount due to the displacement 
of J F. Contact M will also be displaced downwards by a rather larger amount. 
Contacts M and Q will make and motor R will slightly close the valve S. 
Contact M will be centralised and will take no further part in the proceedings 
so long as the tank level remains between F" and A'. At the next detection 
movement of the cam mechanism contacts M P Ci will not make, but contacts 
D H will make for a very short time and will continue to move the valve S by 
tiny amounts in an endeavour to restore the level to F'—in other words to set 
the controller to the temporary average rate of flow. 

Now suppose the level rises to A". Contact D will be considerably displaced 
downwards and contact M will be displaced downwards very much more. 
Contacts M Q will give a long close impulse to the valve motor. If the level 
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remains at A" contact M will have been centralised and will take no further 
part in the temporary proceedings but contacts D H will make for a moderately 
long time and give longish closing impulses to the valve motor. 



As soon as the valve has closed sufficiently to cause the level to fall below A'^ 
contact D will rise slightly and will therefore try to give a smaller close ” 
message, but contact !M will have risen quite a lot and, making contact with P 
will not only cancel the DH “close” message but may give an “open” 
message. In this way the controller can ignore or even reverse a high level 
message if the level is falling rapidly or do the same to a low^ level message if the 
level is rising rapidly. 
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This control provides a complete solution to the tank control problem. 
Hunting is eliminated and all the specified tasks are carried out. There is no 
compensation but there is complete suppression. 

554 . TANK CONTROL—PNEUMATIC IMPULSE CONVERSION. A 
similar result, possibly not quite so perfect in some ways but having 
advantages in others, can be obtained with a pneumatic control embodying 
a Hagan transforming relay which acts as detector and controller and does the 
same things as the Kent electrical device. This transforming relay looks very 
complicated in a drawing, but is not really difficult to follow if the six chambers 
are considered separately or in pairs. 

Fig. 352 shows the whole control in exaggerated scale for clarity. The 
displacer i gives a modified mechanical impulse to the lever 2. This modified 
mechanical impulse is transferred to the plunger 3 of the impulse converter. 
The impulse converter is simply a reducing valve which converts the mechanical 
message from the displacer into air pressure. The spring 4 in the converter is 
compressed or released by the movement of the displacer, and its increased or 
decreased pressure acts on the diaphragm 5. The diaphragm 5 carries a valve 
seat 6 which also acts as a bolt to tie the diaphragm assembly together. The 
air valve 7 is held against the seating 6 by the light spring 8. The other, 
lower end of valve 7 ends in a ball which is lifted towards the seating 9 by the 
spring 8. When the diaphragm is in equilibrium valve 7 is seated on both the 
seatings 6 and 9. When the diaphragm is depiessed, the seating 6 pushes the 
valve 7 down and opens the valve at 9. When the diaphragm rises, valve 7 
seats on the seating 9 and opens at 6. Seating 6 is an exhaust valve to atmosphere 
through the hole 10. Seating 9 is the inlet from the compressed air supply. 
The valve 7 and its seatings have been shown greatly enlarged for clarity. 

From this arrangement it is clear that the spring pressure causes the impulse 
converter always to produce such an air pressure under the diaphragm in 
chamber A as exactly to balance the spring pressure. In other words this 
reducing-valve-converter translates a mechanical displacer impulse into an air 
pressure impulse. 

555 . TRANSFORMING RELAY. The Hagan transforming relay con¬ 
sists of six chambers B, G, D, E, F and G. T hese are separated by alternate 
flexible and rigid diaphragms. The centres of the moving diaphragms arc all 
tied together by means of a central bolt and distance pieces. Frictionlcss 
leakproof joints are provided between the movable assembly and the fixed 
diaphragms by the four bellows. 

The air impulses from the converter enter chambers C, D and E. Assuming 
conditions are stable the pressures on cither side of diaphragm ii arc the 
same, so these chambers are exerting no force on the central assembly. For 
the moment we will ignore chambers D and E. 

The impulse pressure in chamber G is acting on the diaphragm 12 and 
driving it downwards against spring 13. In addition to the downward force 
exerted by the pressure in chamber G the spring 14 is also exerting a downward 
force. Spring 14 is adjustable by means of the handwheel at the top of the 
relay. 
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The displacer i has no levelling ball on its stem. Instead the middle stem 
is a rod of small but definite displacement. The air pressure from the impulse 
converter will have a certain definite value for every tank level. The trans¬ 
forming relay will be in equilibrium when spring 14 + impulse pressure in 
G = Spring 13. Adjusting the load on spring 14 corresponds exactly to 
adjusting the position of ball F in Fig. 351. 



C r L I N D E R 

FIG. 352. HAGAN PNEUMATIC TANK LEVEL CONTROL 

In chamber B is a valve 15 exactly the same as valve 7 in the impulse 
converter. The lower part of valve 15 ends in a ball held against the adjustable 
seating 16 by means of the light spring 17. Whenever the diaphragm assembly 
is depressed the ball end of valve 15 clears the seating 16 and compressed air is 
admitted to chamber B. Similarly if the diaphragm assembly rises, the ball 
end at the bottom of valve 15 is held on the seating 16 and the top end of the 
valve clears the seating 18 and allows air in chamber B to escape up the central 
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hole in the bolt whose lower end forms the valve scat 18. A small cross hole 
in this bolt allows the escape of air through the hole in the distance piece 19 and 
thence through the hole in the fixed diaphragm 20 to atmosphere. 

Now chamber B is in communication with chamber G through the needle 
valve 21 and the air reservoir 22. The pressure in chamber B actuates the 
regulator which will be described in a moment. When the equilibrium of the 
diaphragm assembly is upset, a pressure change is made in chamber B by means 
of the valve 15. This pressure change restores the equilibrium of the diaphragm 
assembly and neutralises the impulse. But after a delay which is adjustable by 
the needle valve 21, the pressures in chambers B and G are equalised. If the 
diaphragm assembly is still out of equilibrium another pressure rise takes place 
in chamber B and another secondary impulse is sent out to the regulator. 
Then after a short delay the pressures in B and G are equalised and so on. 

By allowing delayed equalisation of the pressures in chambers B and G 
exactly the same effect, of a number of secondary impulses to the regulator, 
is obtained as in the 15-second measurement of the impulse in the Kent system. 

The transforming relay is self-compensating. The impulse pressure in 
chamber C actuates the diaphragm which restores equilibrium and temporarily 
neutralises the impulse, by adjusting the pressure in chamber B. 

The action so far described corresponds exactly with the high-low detection 
by contacts D G H in the Kent controller in Fig. 351. 

The primary impulse is connected to chambers C, D and E. The connection 
to D goes through a needle valve 23 and an air reservoir 24. The goings on 
in chamber C have been considered. We must now^ consider what chambers 
D and E are for. 

If the reservoir 24 is large and the valve 23 is only open a very small amount, 
the pressure in chamber 1) will change very slowly. Chamber D can he looked 
upon as indicating what the value of the impulse “ was ”, whereas chamber E 
records what the value of the impulse “ is ”. The difference in pressure between 
chambers D and E shows the rate of change of the impulse and the direction in 
which it is changing. 

If the tank level is rising, the primary impulse pressure is also rising, and 
the pressure in chamber E will be above that in chamber D. There will therefore 
be an additional pressure due to this pressure difference, acting on the 
diaphragm assembly and this force will add itself to the impulse pressure in 
chamber C. 

Now suppose the tank level is high but falling. Chamber C will be 
continually trying to send secondary regulating impulses out to the regulator, 
but chamber D will be at a higher pressure than chamber E. The resulting 
upward force will neutralise or even exceed the impulse force in chamber E, 

Chambers D and E together with reservoir 24 and valve 23 form the exact 
counterpart of the rate of change detector contacts M P Q in the Kent 
controller in Fig. 351, and form the reset part of the control. 

Chamber F is a passenger. It only exists because it forms the “ other 
side ” of the top diaphragm. It serves no purpose (doubtless the ingenious 
could find some tricky use for it) and it communicates with the atmosphere. 

566 



AUTOMATIC CONTROLS 


§ 555-557 

Now the transforming relay is an instrument, not a regulator. It sends out 
secondary impulses to the diaphragm 25 which operates the regulator pilot ^ 
valve. As the diaphragm 25 moves it causes the pilot valve to admit com¬ 
pressed air to the top or bottom of the regulating cylinder. The regulator piston 
rod carries an angling bar that provides compensation by tightening the spring 
that opposes the pressure on the diaphragm 25. As the diaphragm 25 calls for 
greater regulator movement the angling bar adjusts the pressure of spring 26 
so as to neutralise the movement of the diaphragm 25 and so restore the pilot 
valve to the central position. Were this compensation not provided there would 
be nothing to restore the pilot valve to the mid position and the regulator 
would always travel the full stroke. As the pilot valve—an inside admission 
piston valve—opens one port tc compressed air it opens the other port to 
exhaust to atmosphere. 

The needle valves 21 and 23 and the expansion chambers 22 and 24 are 
replaced on Foxboro controllers by lengths of very fine bore tubing which offer 
so much resistance to flow as to delay the transmission of the pressure change 
by any desired time lag. 

556 . COMPARISON OF TANK CONTROLLERS. It is difficult to say 
which of the two tank controls, Kent or Hagan, is the best. The Hagan has 
been described as if its action were intermittent. Of course this is not so. 
The pressure in chambers B and G do not differ, equalise, differ, equalise. 
They veer slowly away from one another and smoothly approach again. 
For this reason it might be said that the Hagan was the better control. Also 
in its favour are no contacts, no commutator. But it has disadvantages. It is 
much more difficult to understand. It is difficult to see what it is doing except 
for small clianges on two pressure gauges, whereas the Kent impulses can be 
made clear by pilot lights. 

It will have been noticed that the impulse converter and the transforming 
relay are internally self-compensating. Each is compensated by itself, but 
there is no compensation between them. The pilot valve and regulator have 
another separate compensation system. There is no compensation whatever 
between impulse and regulator, which was one of the conditions laid down in 
Section 551. 

All the tank controls have been described with the control regulating the 
inlet. There might be circumstances where the outlet should be controlled, 
or where there should be an added control on the inlet to accommodate varying 
inflow. 

557 . COST OF AUTOMATIC CONTROLS. Automatic controls are very 
expensive. This is because they have to be beautifully made and because a 
great deal of brains and experiment have been used in their development, 
but principally because so few automatic controls are used. If industries would 
start buying automatic controls to the extent that their usefulness justifies the 
price would come tumbling down and we all could install more. 


There are many excellent makes of automatic control that have not been 
described in this Chapter—Elcctroflo, Foxboro, etc. This chapter is already 
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overlong and the controllers were described simply because most of them 
are at work in the author’s factory, not because their merits are necessarily 
any greater than those of other makes. 


There are many other types of automatic control, some simpler—like plain 
reducing valves or steam traps, some more complicated—like automatic pilots. 
The controllers that have been described cover a fair range and all of them save 
steam or power, which is steam. It is hoped that the choice of controls described 
has been happy and that, at any rate, the humble float valve will not in future 
be treated in the off-hand manner to which it has become accustomed. 
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THE HEAT BALANCE 


Thou art weighed in the balances, and art foimd wanting. 

DANIEL, V.27. B.C. 165. 

MANY factories are (in 1944) in woeful ignorance of how much steam they arc 
using in various parts of their process ; how much steam they ought to use with 
their present methods ; how much, or how little, they could use with different 
methods. 

It is quite easy to find out most of these things with a little trouble, a few 
simple measurements, and some imaginative estimating. As the author believes 
that the taking out of a heat balance is the most important method of saving 
steam, or rather is the key to all kinds of steam savings and process improvements, 
this chapter is the longest in the book. 

The investigation of how much heat is being used and the cogitations as to 
how little might be used are fascinating. Once a factory embarks on the making 
of a heat balance it is seldom that enthusiasm is not kindled. The making of 
such a balance generally brings to light so many extravagant processes and 
practices, that a substantial steam saving is usually obtained forthwith. 


558. COSTING. In every factory some kind of costing is done. In the ultra¬ 
modern plant the costing system is often so elaborate that it becomes the master 
instead of being the servant. In some concerns known to the author, the whole 
business is clogged by a tangle of costing red tape. On the other hand there 
is the works which can only take out costs by deducting (or adding) its audited 
profits (or losses) from (or to) its selling price. 

The ideal is a simple costing system which will give the maximum of 
information from a minimum oi labour and cause a minimum of irritation. 
Many technical men are frightened by the idea of costing. Well, don’t call it 
costing. Call it a heat split or a steam balance. It does not matter whether 
the result is expressed in Btu or in pounds of steam or in shillings. These 
figures are readily and mutually convertible. 

Now costing by itself is not enough, or rather costing is not the first thing to 
do. Costing can follow the heat balance. It is impossible to cost without first 
doing some kind of heat use investigation. Costing can be very dangerous if 
it is used for factory control. The author knows of a concern whose costing 
system, covering several factories, is very complete. All the steam to each 
department is metered and the meter readings go to the costing department. 
This concern has boasted to the author that it can account for all its steam. 
Actually it can do nothing of the sort. It only knows how much steam it is 

569 



§ 558-559 the efficient use of steam: chap. 20 

using. No account whatever is taken as to how much steam the various pro¬ 
cesses should use. This concern thinks that by measuring its steam use it 
must be economical. 

The author has conic across another distressing effect of elaborate costing 
control. In one works a small alteration in process technique was proposed in 
one department and was estimated to give a large steam saving in another 
department. The pro losal slightly increased the costs in the first department in 
order to secure the large saving in the second. The manager of the first depart¬ 
ment successfully resisted this improvement for several years because he was 
afraid that the inen^ased costs of his department would be laid against 
him. 

Before complete costing can be properly done, a heat balance must be taken 
out. Now a heat balance docs not consist only of finding out where the heat 
goes. It entails finding out how much heat is needed as well, and this is some¬ 
thing that the costing department cannot possibly tell us. The taking out of a 
heat balance is quite an undertaking. Once the balance has been taken 
out and we realise how technically deplorable we are, the costing office can tell 
us week by week whether we are improving and at what rate. The heat balance 
without costing is of very great benefit ; costing greatly enhances the value of 
the balance. No heat balance that the author has ever seen can by any imagina¬ 
tive stretch enr enrage any self-satisfaction. Costing is discussed in the next 
chapter. This chapter deals only with the heat balance. 

559 . THE TASK AND THE REWARD. To take out a reasonably reliable 
balance will take many hours of work. It may be that no suitably qualified 
person has the necessary time. But someone should make the time, because 
the time could hardly be better spent, and will generally justify an addition to 
the salary list. The author makes so bold as to assert that 90 per cent, of steam¬ 
using factories can save 25 per cent, of their steam in two to three years as a 
result of taking out a steam or heat balance. Perhaps it is excusable to give the 
author’s own experience. 

In 1926 the author’s brother made the first attempt. It was not a true 
balance as the minimum requirements were not included. Steam meters were 
few and their readings were, perhaps justifiably, mistrusted. Only about half 
the steam used was accounted for. Little could be done for the next seven 
years except to carry out desultory steam-saving plant alteration. In 1933 
another attempt was made. Much greater care was taken ; a few, more 
accurate steam meters were available and it was hoped that some 80 per cent, 
of the steam might be accounted for. The task was completed over the winter 
half-year of 1933 - 34 , the steam accounted for added up to 109*9 cent. 
This result was so unexpected that it was thought that some gross error had been 
made, so the performance was repeated, with even greater care, over the next 
six months. The steam accounted for added up to 93 • 5 per cent. The average 
for the whole 12 months was deemed, rightly or wrongly, to mean that practical 
success had been obtained. 

A steam split had been made into every part of the process. This split for 
the two half-years is given on the opposite page :— 


570 



THE HEAT BALANCE 


§559 


PROCESS STEAM SPLIT 



Winter 

Summer 


1933-34 

*934 

Melt, tons per week 

7^427 

9 , 4*8 


Average Weekly Steam in lb 

Common to all products— 

Winter 

Summer 

Heating syrup for affination 

314,044 

399,020 

Heating melting water 

281,673 

384,822 

Direct steam to melter 

5 ”>458 

635,625 

Garbonatation heating 

699,503 

9*8,284 

Heating filter press wash water 

161,898 

332,109 

Heating recovery syrups 

242,250 

359 , 4 * * 

Recovery vacuum pans—ist crop . . 

75 i >759 

909,354 

Recovery vacuum pans—2nd crop. . 

432,978 

593,462 

Recovery vacuum pans—3rd crop . . 

283,968 

497,853 

Recovery vacuum pans—water drinks 

1,949,742 

2,471,896 

Heating water for liquor char washing 

812,287 

957,148 


6,442,000 

8,459,000 

Special to white sugar— 

Vacuum pans 

18,202,587 

20,628,046 

Remeller—direct steam 

46,077 

52 ,*OI 

Syrup reheating 

884,133 

*,093,935 

Heating sugar wash water .. 

17,105 

34 , 43 * 

Heating char lights . . 

99,997 

109,671 

Heating granulator air 

104,940 

* 4*,779 


19,355,000 

22,060,000 

Special to yellow sugar— 

Vacuum pans 

384,415 

370,376 

Heating sugar wash water . , 

485 

54 * 

Heating syrups 

9,”9 

9,948 

Heating char lights .. 

920 

898 

Evaporating invert .. 

2,228 

3,328 


397,000 

385,000 

Sub-special to packet sugars— 

Steam to remelter 

1,558 

*,526 

Heating remelt water 

199 

182 


2,000 

2,000 

Special to golden syrup— 

Heating filter press wash water 

35 , 4*4 

56,946 

Vacuum pans—remelts 

699,279 

481,064 

Heating syrups 

178,346 

126,808 

Heating press and char lights 

21,299 

*4,253 

Evaporating press and char lights .. 

764,5*9 

585,080 

Heating inversion tanks 

43,418 

30,393 

Heating water for syrup char washing 

* 79,447 

102,208 

Evaporating golden syrup .. 

692,728 

537,266 


2,614,000 

1,934,000 
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Average Weekly Steam in lb. 
Winter Summer 

Grand total as measured and estimated 28,809,000 32,840,000 

Actual steam generated .. .. 26,217,000 35,122,000 

Steam accounted for .. .. .. 109 • 9 per cent. 93 * 5 per cent. 

Steam accounted for, weighted average 

for year . 100 • 5 per cent. 


A serious urge to cut down steam consumption was born, but for many 
reasons could not be allowed full scope until 1937, when the steam economy 
drive started in earnest. Here is the result :— 


Half year 

Winter, 1936-37 

Summer, 1937 
Winter, 1937-38 
Summer, 1938 
Winter, 1938-39 
Summer, 1939 
Winter, 1939-40 


Tons of steam-raising coal of 
standardised heating power 
per ton of sugar 

•25 

•22 

•23 

•20 

•178 

•135 

•134 


On a process throughput of 8,000 tons a week this shows the following 
annual coal consumption :— 

Before heat campaign 8,000 X 52 X *25 == 104,000 tons of coal per year 
After heat campaign 8,000 X 52 X -134 — 55,750 tons of coal per year 


SAVING = 48,250 tons of coal per year 
or 46 per cent. 

Now it can be said : V This just shows how bad you were.’* The answer 
is : “It does indeed ; but most factories are as bad now as we were then.” 

This spectacular saving was directly impulsed by taking out the first heat 
balance, however imperfect it may have been. The heat balances before and 
after the heat saving campaign are shown in Figs. 353 and 354. An exact 
comparison of Figs. 353 and 354 is not possible because Fig. 353 is based on 
raw input whereas Fig. 354 is based on refined output. As a result every line 
in Fig. 354 is about 5 per cent, thicker than it would have been had it had the 
same basis as Fig. 353. 

Fig. 354 is much more complicated than Fig. 353 because much more 
detailed information was secured. It will be seen that there is now no “ Great 
Unknown ”, and that the losses from each department are fairly well 
ascertained. 

It may be said that, as the author’s factory is large, there is much more 
scope for large savings. This of course is true. But the saving represented 
46 per cent. What does 46 per cent, or even 26 per cent, represent in any 
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factory ? If the factory is burning only 10 tons a week, a 26 per cent, saving is, 
at the price most small consumers have to pay for coal, about a year. 

To what pains will not the management of a small—or large for that matter— 
factory go to save 5(^350 a year in the shrewd purchasing of supplies or in labour 
saving plant ? Steam savings are much more satisfactory than most other 
types of savings. They are seldom dependant, like boiler house savings or 
purchasing savings, on constant supervision. They are usually secured by the 
adoption of different methods or alterations to plant. Once done these altera¬ 
tions continue to fulfil their task with little supervision. 

The qualities needed by one who is going to take out a heat balance are :— 
{a) A knowledge of the factory process. 

{b) Some knowledge of steam (everything needed is in this book). 

{c) Imagination. 

{d) The ability to approximate sensibly and even to guess intelligently 
when exact measurement or calculation cannot yield a result. 
(There is no use making an elaborate balance to six significant 
figures if the wetness of the steam at various points is not known. 
As the wetness must often be guessed, a result to three significant 
figures is usually all that is worth producing). 

It will probably pay any factory burning 10 to 20 tons of coal a week for 
steam raising to take on an extra staff, temporarily or permanently, to take out 
and study heat balances. 

As an example of the size of the task and the time required, in Sections 594 
to 611 the heat balance of a laundry is discussed. The author spent 3 hours 
in the laundry and 40 hours writing these Sections and in rough-drawing 
Figs. 355 and 356. This gives some indication of the time needed by one who 
has had experience in taking out balances and in drawing Sankey diagrams, 
and who knows what questions to ask. The author had some smattered 
knowledge of the laundry processes and of the general standards of performance 
of laundry plant. This laundry balance is very rough, but it does cover all the 
essentials and it should at least act as a catalyst to stimulate the expert to do the 
analysis in the properly detailed manner. 

560. ACTUAL AND TARGET. We want to compare the heat we are 
actually using with the heat that we ought to be using. It is easy to find the 
amount of heat we are buying ; it is fairly easy to estimate the amount of 
steam we are making ; it is not so easy to find out how and where this steam is 
being used. But it can be done with fair accuracy with very few instruments. 
All this information is, however, of little use until we know how much heat 
we ought to be using. 

561. BOGEY. The actual steam heat that is needed must not be based on 
pure scientific theory. It must be based on reasonable practical considerations. 
For example, the electrical equivalent of heat is 3,415 Btu/kWh, but we must 
not say that a condensing power station ought only to use coal equivalent to 

^ ^ = -285 lb./kWh. Such a target would be crazy. That is the target 
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for a back pressure power plant. On the other hand we should not take the 
ideal efficiency of the cycle that the station is working nor its best boiler 
efficiency. The target for a condensing power station is the highest practical 
boiler efficiency, say 93 per cent., X the highest practical cycle efficiency, say 
51 per cent., X the highest reasonable turbine efficiency ratio, say 83 per cent., 
X the highest possible generator efficiency, say 99 per cent., X (100 — the 
auxiliaries). It is in the last item that the power stations might do better. 
Power station designers strive at tremendous cost to squeeze an extra ^ per cent, 
out of the cycle or boiler efficiency yet seem unmoved by a 5 per cent, con¬ 
sumption for auxiliaries. Reciprocating feed pumps have not received the 
attention they deserve. Ward-Leonard drive of fans or stokers would seem to 
have possibilities. Why should not boilers be more often built as vertical towers 
with air heater and economiser piled on top or arranged as straight horizontal 
tunnels so that very little mechanical draught would be needed ? In these 
ways the auxiliaries might be brought down to 3 per cent. The target figure 
for a condensing power station would then become 

-^ .7.3 lb coal/kWh. 

12,000 X -93 X -51 X -83 X -99 X -97 

Now we have not taken perfection throughout ; that would have meant 
taking 100 per cent, all round. We have taken “reasonable perfection’’. 
One of the best power station performances that the author has heard of uses 
(in 1944) 10,600 Btu/kWh, or with 12,000 Btu. coal, *883 lb./kWh ; that is 
17 per cent, over “ reasonable perfection 

Let us take a golfing analogy. The various holes on a golf links are of three 
general types, long, medium and short. In all short holes it is possible to reach 
the green in one shot. Occasionally luck will ally itself to skill and the ball will 
find the hole in one stroke. It would not be reasonable to invoke luck and to 
say that short holes should always be done in one stroke. But it is reasonable 
to say that a good player should always reach the green in one stroke and 
should always hole out in two putts. The good player without luck and 
without mistakes will always do the short holes in three. Now there are many 
good players who have occasional luck and who make occasional mistakes so 
an imaginary player has been invented who never has any luck and who never 
makes mistakes. His name is “ Colonel Bogey ” and the number of strokes 
that he would take is called “Bogey” and clearly means “reasonable 
perfection ”. Bogey is attained by many good players and occasionally luck 
or great skill or both help them to improve on bogey. (James Braid has done 
short holes at Walton Heath in one stroke on 14 occasions.) Such a player 
is expected to beat Colonel Bogey and is called a “ plus ” player. A golfer 
such as Braid is probably “ plus four,” which means that in an 18-hole match 
with Colonel Bogey he would win by four strokes. Bogey is a reference basis 
for all players good and bad, with which they can compare their performance. 

If we can get a “ bogey ” for our industry or for our particular factory we 
shall have an invaluable standard with which to compare our performance 
and a goal for which we can strive. 

In an industry producing only a few products that differ little in character 
the finding of bogey is relatively easy ; but where an assortment of entirely 
different products are made, bogey is much more difficult to fix. It is, however, 

576 



THE HEAT BALANCE 


§561-563 

not impossible. Bogey can be based on finished product or on raw material, 
on weight, bulk or value—tons of raw sugar, pounds of dry laundry, gallons of 
oil, therms of gas or ^^{^loo of product. 

While a split of a factory’s steam use can be found, and a so-called balance 
made, by accounting for all the steam generated, this is of little use without 
some idea as to bogey. Often it is the puzzling over the proper bogey that 
leads to the major economies. Bogey in a factory or in an industry is not a 
fixed immutable figure. It must be constantly advanced as technique improves 
and as better plant becomes available. 

Bogey therefore is probably the most important part of the heat balance 
investigation. The shock received by comparing bogey with actual per¬ 
formance will spur us on to making our balance as detailed and accurate as 
possible and thus to investigate ways of getting nearer to reasonable perfection. 

562 . SOME BOGEY EXAMPLES. Bogey in the author’s industry is 
(in 1944) • 11 lb. coal/lb. sugar. In 1937 the coal consumption in the author’s 
factory was -23 lb./lb. In 1939 it had been reduced to *135 Ib./lb. 

In Section 633 bogey for a particular brewery is found to be 12 lb. coal/ 
barrel. The brewery is using 40 lb./barrel and many breweries are using 
100 lb. or more. 

In Section 611 bogey for a laundry doing a certain type of work is found to 
be * 54 lb. coal/lb. dry laundry. The laundry thinks it is using i *3 lb./lb. 

Bogey for a particular industry or factory cannot be laid down by someone 
who lias no knowledge at all of the industry or of the factory conditions. For 
example in Section 486 a beet sugar factory is briefly discussed and it is seen 
that the obvious bogey figure is some three or four times the coal consumed by 
many factories. On the other hand a bogey figure worked out by someone 
who has spent all his life in the industry may be quite unduly generous because 
old customs and traditions have become unalterable pieces of process technique. 

sK 9(: 4 : 

We will now plunge straight into the welter of heat units, specific heats and 
whatnot. It is not possible to make a sharp distinction between the finding 
of bogey and the investigation of heat usage. It is often convenient to look at 
both simultaneously. 

563 . INPUT HEAT. All fuel-burning factories, except some collieries and 
some gas works, know how much fuel they burn because they buy and pay for it 
and the amount can be found in the ledger. If the heat content of the fuel is 
known the gross heat input is at once obtained. If the heat content of the fuel is 
not known it can be guesstimated from Table LXII without going more than 
about 7 per cent, wrong. (It may be objected that to begin the investigation 
with a possible error of 7 per cent, is a poor start. This is not so. Nearly every 
factory that does not know its heat input is using two, three or four times as 
much heat as it can properly justify. That is to say it is burning 100, 200 
or 300 per cent, too much. In such cases an error of 7 per cent, is neither here 
nor there. Those factories like the really good power stations and quite a few 
industries using only 20 to 50 per cent, more than bogey, know their heat input 
and can start off with no error.) 


577 



THE EFFICIENT USE OF STEAM: CHAP. 20 


§564 

564. PRIMARY AND SECONDARY FUELS. Goal and wood are primary 
fuels. We can rightly take their heat content at its face value. We can possibly 
do the same with some of the cruder oils, but all the other fuels are secondary 
fuels which have been derived from primary fuels. For certain purposes, as 
will be seen shortly, we want to know not only the heat content of the secondary 
fuels but how much original primary heat content they represent. 


TABLE LXII. PROBABLE HEAT CONTENTS OF FUELS 


FUEL 


HEAT CONTENT BTU 


SECONDARY 

(technical) 


PRIM XRY 


Anthracite 
Hard steam coal 
Good bituminous coal 
Average bituminous coal 
Poor bituminous coal 


15,000 per lb. 
14,000 
13,000 „ 

12,000 „ 
11,000 „ 


15,000 per lb. 
14,000 
13,000 
12,000 
11,000 


Gas works coke 
Coke oven coke 
Wood ., 


12,500 

12,500 

5,500 


16,275 

15,650 

5,500 


Petrol .. 

Fuel oil 

Coal tar oil .. 
Creosote pitch 


20,000 

19,000 

16,500 

16,500 


? 30,000 
? 20,000 
? 16,500 
? 16,500 


Coke oven gas 
Town gas 
Water gas 

Producer gas—hot .. 

„ „ —cold .. 

Blast furnace gas—cold 


550 per cu. ft. 
500 
290 
160 
130 
100 


690* per cu. ft 
650* 

? 

180 

180 

100 


Electricity—Best condensing station 
„ —Grid average .. 

„ —Grid peaks 

„ —Back pressure—^largc good 

» — „ „ —small good 

„ — „ „ —small bad 


3,415 per kWh 

3,415 

3,415 „ 

3,415 

3,415 

3,415 


I0,600t per kWh 
19,320t 
30,000t 
5,070 
9,600 
12,000 


*t No distribution loss has been allowed for. 

* The gas figures should be increased by about 2 per cent, to cover distribution loss, 
t These figures should be increased by about 15 per cent, to cover distribution losses. 


There are three lines of approach when these conversion factors arc 
considered :— 

(<2) The Technical. 

(b) The Financial. 

{c) The Fuel Economic. 
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(a) The technical conversion factors are simply the true heat equivalents 
and these are used where necessary, and are shown in the first 
column of Table LXII. They are useful for detecting whether 
the different fuels ‘‘ as delivered ” to the piece of plant are used 
efficiently or not. It may be very dangerous to use them as a 
basis for deciding which of two or three fuels should be chosen 
for a particular process. 

{b) The financial consideration depends on the heat content per shilling 
or per pound (£) and their efficiency of utilisation, tempered by 
the reliability, cleanliness, convenience, capital plant cost, etc., 
involved. 

{c) I’he fuel economic is concerned not only with the calorific value, but 
the calorific value of the primary fuel that went to the making of 
the secondary fuel. The efficiency of utilisation must also be 
considered. 


565 . ELECTRICITY. The electrical ecjuivalent of heat is 3,415 Btu/kWh, 
or, roughly, 8,200 kWh per ton of coal. Suppose a patriotic but ill-informed 
factory management wishes to heat water. It possesses a coal fired boiler with 
an efficiency of 70 per cent, and is offered an immersion heater with an efficiency 
of, say, 95 per cent. If the water is to be heated from 60° F. to 200® F., the 
management would, if they only had the technical heat content in Table LXII, 
make the following calculation :— 


I ton of coal at 12,500 Btu/lb. liberates 28,000,000 Btu and will heat in 
the boiler 

28,000,000 >: * 7 
140 

I ton of coal is equivalent to 8,200 kWh which would heat in the 
immersion heater 


140,000 lb. of water. 


3,415 X 8,200 X -95 
140 


190,000 lb. of water. 


If only 140,000 lb. of w^ater are to be heated the current needed will be 
6,040 kWh which is technically equivalent to • 74 tons of coal. 

The factory management therefore orders the immersion heater. What 
would be the result ? In Chapter 3 the heat consumption of power stations is 
discussed. The 1943 Grid coal consumption for delivering i unit to a customer’s 
premises was t-6i lb. coal/kWh, or 12,500 X i*6i == 20,120 Btu. The best 
base load stations approach 11,000 Btu /kWh and the peaks are taken by stations 
that burn some 2^^ lb. coal/unit or 31,250 Btu/kWh. It is probably fair to say 
that the load of the factory in question will be taken at average coal consumption 
when the 6,040 kWh required to heat the 140,000 lb. of water will result in 
the burning of 

6,040 X I *61 , 

-3- =4*34 ton coal. 

2,240 ^ 


These facts are brought to the notice of the patriotic factory management and 
they at once cancel their order for the immersion heater. 
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The managing director lives in London all week but goes on Saturday 
afternoons to his country bungalow which is fitted with electric fires. With 
his fine new knowledge he urges the local fuel overseer (it is war time) to allow 
him to purchase coal so that he can scrap his extravagant electric radiators. 
Fortunately he announces this proposal to his fellow passengers in the train on 
Monday morning and one of his companions points out that on Saturday night 
and Sunday his electric fires will be taken care of by the base load stations, that 
his utilisation efficiency is 100 per cent, so that to put 3,400 Btu into his room 
will only cost the Grid i • i lb. of coal whereas a coal fire with an efficiency 01 
20 per cent, will burn i -36 lb. of coal to supply the same amount of heat. He 
cancels his request to the fuel overseer. 


566. BACK PRESSURE ELECTRICITY. It has been shown in Chapter 3 
that by using all the exhaust steam the efficiency of electrical power generation 
is enormously increased because most of the losses in a turbine go out in the 
exhaust. The only losses in a back pressure generating plant are friction, leakage 
to atmosphere, radiation, generator losses and boiler losses. If we take 
the boiler efficiency of the big plant at 83 per cent, and of the small plant at 
70 per cent. ; the generator efficiency as 97 per cent, in big sets and 85 per cent, 
in small ; and the engine or turbine losses as 7 per cent, in large machines 
and 25 per cent, in small engines ; if the auxiliaries take 10 per cent, of power 
in large sets, and 20 per cent, in small sets, we get :— 

Electrical 

Coal 

Equivalent Boiler Machine Generator Auxiliaries 


3,415 100 100, 100 100^ 100 100, 100 100 

- - X ( q“ to —) X (- to -) X (- to -—) X (-to ~) 

12,000 '83 70^ '93 75' ^97 85^ ^90 80 


= *42 to *80 lb. coal/kWh. 


Thus the primary coal equivalent in good back pressure stations lies between 
5,070 and 9,600 Btu per kWh. Very bad small back pressure plants may use 
more than 10,000 Btu/kWh. Each plant must be estimated on its own probable 
losses for practical heat use investigation, and on its bogey losses for the estab¬ 
lishment of bogey. 


567. PASS-OUT ELECTRICITY. This is more difficult, especially if the 
pass-out quantities and the electrical load vary much. The steam to the 
turbine and the pass-out steam should be metered and averaged over a typical 
period. The steam quality at the stop valve and at the pass-out point should be 
ascertained at frequent regular intervals. 

Suppose the conditions are :— 


Steam to turbine, quantity 

„ „ „ pressure 

„ ,, „ temperature 

„ ,5 ,, heat content 

Steam at pass-out, quantity 
5, 55 ,5 pressure 

,, 5, ,, temperature 

, ,, ,, heat content 


100,000 lb./hr. 
300 psi.g. 
700° F. 
1,367 Btu/lb. 
20,000 lb./hr. 
40 psi.g. 

445° F. 

1,257 Btu/lb. 
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Feed water temperature 
Feed water heat content 
Heat put in in boiler, 1,367 - 
Heat drop to pass-out, 1,367- 


170 

i>257 


202° F. 

170 Btu/lb. 
1,197 Btu/lb. 
110 Btu/lb. 


Heat taken from pass-out steam is equivalent to :— 
20,000 X no 


1,197 


1,838 lb. of high pressure steam. 


True steam equivalent used :— 
80,000 + 1,838 
Electrical output, say 
Steam heat used ;— 

81,838 X 1,197 

7,500 


== 81,838 lb. 

7,500 kW. 


= 13,062 Btu/kWh, 


If the boiler efficiency is 81 per cent, this becomes .. 16,126 Btu/kWh gross. 

If for some reason good calorimetries of the pass-out steam cannot be got, 
the problem can be tackled by estimate in similar manner to that described at 
the end of Section 120 with the aid of Table XIV. 


The machine must be treated as two separate turbines, one condensing and 
one back pressure. 

Assume that the adiabatic heat drops are 436 over the condensing machine 
and 176 for the pass-out machine. 

If we refer to Section 104 and Table IX we can estimate the efficiency ratios 
as 70 per cent, for the condensing machine and 65 per cent, for the pass-out 
machine. 


The output should be :— 

(436 80jOoo) X * 7 I (1 7 ^ 20,000) 

3,415 3,415 

— 7,150 + 670 .. .. -- 7,820 kW 

The actual load was .. . . .. .. . . 7,500 kW. 

We shall not go far wrong by reducing pro rata when 7,150 + 670 becomes 
6,858 + 642. 

Although the quantity of steam passed out is small, the machine is quite 
big and we can probably take the factor of i • i from Table XIV. 

The heat consumption then is :— 

(80,000 X 1,197) + (642 X 3,415 X i-i) 

^Btu/kWh. 

With a boiler efficiency of 81 per cent, this becomes :— 

16,160 Btu/kWh gross. 

This agrees remarkably well with the 16,126 Btu obtained in the more 
accurate manner. 

Of course this figure is an overall figure. It can be split between pass-out 
current and condensing current. 

The pass-out figure is :— 

- —^ == 4,638 Btu/kWh generated 
* 81 


58* 


<66233) 
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The condensing figure is :— 
80,000 X I5I97 
0,858 X .81 


17,238 Btu/kWh. generated 


These figures must be corrected for the power consumed by the auxiliaries, 
to get the true heat equivalent of the net available power. 


568. TOWN GAS AND GAS WORKS COKE. The conversion factors for 
electricity, while full of pitfalls, are relatively straightforward compared with 
gas or coke. Technically, if coal gas contains 500 Btu/cu. ft. and coke contains 
12,500 Btu/lb. and if the parent coal contained 12,500 Btu/lb. 

I ton of coal — 56,000 cu. ft. of town gas. 

I ton of coal =1*0 ton of gas works coke. 

When I ton of coal is carbonised in a gas works it is converted into saleable 
secondary fuels in approximately these proportions :— 

15,000 cu. ft. gas. 
o • 5 ton of coke. 

As the object of a gas works is the production of gas, it can well be argued 
that the whole of the conversion losses should be debited to gas, leaving the coke 
at its primary heat value. Against this it can be argued that both gas and coke 
are useful secondary fuels and should each bear their share of the losses. Rightly 
or wrongly, we shall spread the losses over both products. 

Technically, 

15, 000 cu. ft. of gas == *268 ton of coal, 
o • 5 ton of coke • 500 ton of coal. 

•768 

As these quantities of secondary fuel were yielded by i ton of coal, the coal 
equivalents must be raised proportionally to add up to unity, when 
15,000 cu. ft. of gas = -349 ton of primary coal. 

0*5 ton of coke *^51 ^f primary coal. 

I -ooo 


From these figures we get :— 

I cu. ft. of secondary town gas —- 651 Btu of primary coal. 

I lb. of secondary coke = 16,275 primary coal. 

569. COKE-OVEN GAS AND METALLURGICAL COKE. Here the 
object is the production of metallurgical coke ; gas is produced en passant^ and, 
as the pillars of pre-war fire by night proclaimed, was sometimes not even a 
by-product but a waste product. One would therefore be justified in loading 
all the process losses on to the coke. As coke-oven gas is being more extensively 
used we will play for safety and load both products equally with the conversion 
losses. 
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In a coke oven, some of the gas is used to heat the retort and the result of 
carbonising i ton of coal is approximately 
5,000 cu. ft. of gas, and 
o • 7 ton of coke. 

Technically, 

5,000 cu. ft. of coke oven gas = *0982 ton of coal 
o • 7 ton of coke — • 7000 ton of coal 

•7982 


Raising these equivalents to a sum of unity gives 

3,000 cu. ft. of coke oven gas == • 123 ton of primary coal 
0*7 ton of coke = -877 ton of primary coal 

I -ooo 


or I cu. ft. coke oven gas — 690 primary Btu 

I lb. coke — 15,660 primary Btu 

570. THERMAL VALUE OF OTHER CARBONISATION PRODUCTS. 

Both gas works and coke oven plants produce benzol and tar. The output of 
these materials varies greatly but we can take approximately the following for 
a gas works :— 

I ton of coal yields about 

120 lb. tar equivalent technically to . . . . 165 II3. of coal 

35 lb. benzol equivalent technically to . . . . 53 lb. of coal 

218 

Onl\ a small amount of these products are used as industrial fuels. Most of 
the benzol is used in motor cars and much of the tar is spread on the roads. If 
we credited coke and gas wdth the heat contents of these by-products we should 
get unduly good figures. So that we are not making any very big error by 
leaving the figures as given in Sections 568 and 569. 

571. COMPARISON OF PRIMARY AND SECONDARY FUELS. The 

compaiison may be either technical (as when comparing the actual efficiency 
of heat use of a particular plant) or financial (the usual factory criterion) or 
National (when the comparison can only be made in terms of primary heat 
units). There is a complication with back pressure power whose conversion 
must be done on a primary fuel basis in order to find the correct financial heat 
equivalent. 

Let us take another simple example. Suppose it is desired to put i therm 
(100,000 Btu) into a room, and we have the choice of using an open fire, a 
tortoise coke stove, a gas fire or an electric radiator which can use either back 
pressure current or Grid current. Table LXIII shows the working out and 
the result from different points of view. 
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Now this table is provocative, because a certain selection of conditions has 
been made and a certain line of approach has been taken. The details 
need not be argued, it is the principle that matters, namely that there are 
different aspects to the conversion of secondary fuels back to primary which 
must take account of cost, efficiency of use and, in some cases, the cost to the 
nation. The most striking thing about the table is that the most economical 
way of heating a room is by back pressure electricity or coke stove, both from 
the national and from the personal points of view. This is a very cogent 
argument in favour of district heating, as it turns the condensing power stations 
into back pressure stations and any heating that they could not do could be 
done by coke. 

TABLE LXIII. GOST TO OWNER AND TO NATION 
OF HEATING A ROOM 


ELECTRIC RADIATOR 



COAL 

FIRE 

COKE 

STOVE 

GAS 

FIRE 

' LARGE 
AV. GRID 1 BACK 

1 PRESSURE 

Heat to be put m — Btu 

100.000 

100,000 

100,000 

100,000 100,000 

Efficiency of use - - per cent. ... 

20 

60 

50 

100 100 

Btu to be paid for . 

500,000 

167,000 

200,000 

100,000 100,000 

Cost per unit bought . 

705. 

705. 

I 5 . 

\'25d. 1 •3c/. 

Cost to heat room . 

l5. 3d. 

5d. 

25. 

35.1c/. 1 8-Sc/. 

Heat units in primary fuel/therm 

100,000 

130,000 

130,000 

566,000 , 148,500 

Cost to nation in Btu. 

500,000 

217,000 

260,000 

1 

566,000 1 148,500 

) 


TABLE LXIV. HEATING A FURNACE 



COAL 

PRODUCFR 

GAS 

ELECTRICITY 

c,Rin 

^ PRESSURE 

1 

Thermal efficiency of plant .. 

50 

70 

90 90 

Heat required—Btu .. 

100.000 

100,000 

100.000 100,000 

Heat input—actual .. 

200,000 

143,000 

111,000 ! 111.000 

Primary heat used. 

200,000 

198,000 

628,000 165,000 


When a factory is deciding what fuel to use or how to get power, it need only 
consider cost and convenience. But if a heat balance is being taken out the 
primary fuel may have to be considered. Suppose a heating operation is being 
done by coal firing in one works, by producer gas firing in another and by 
electricity in a third. An imaginary comparison is set out in Table LXIV. 

If the concern is able to generate its own electricity in sufficient quantity, 
it would clearly adopt back pressure electricity. Otherwise the question will 
be settled on the basis of costs alone. But for taking out heat balances and 
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comparing one method of working with another the primary heat may have to 
be considered. It may well be that technical considerations are so outstandingly 
in favour of electricity that all other considerations can be ignored. The same 
may apply to gas. All that we are here concerned with is that the complica¬ 
tions of a secondary fuel must not be overlooked when taking out a heat balance. 


This long digression on a rather important matter being finished we can 
return to bogey and usage. 

572 . HEAT CONVERSION. If the fuel is burnt directly in the process 
plant, heat input and heat usage are the same ; for example, coal fired ovens, 
furnaces, retorts and kilns. If the heat is used as steam or producer gas, we 
must assume some reasonably good efficiency for the conversion of the fuel 
heat into steam heat or into the secondary fuel—producer gas. This is the 
figure that we need for bogey. We also want some guide as to the probable 
efficiency of the actual conversion with various states of plant degradation. 
We need such a guide for estimating the conversion for our heat balance if we 
lack the necessary instruments to tell us the painful truth. 

573 . STEAM BOILERS. Table LXV gives the author’s views, tempered 
by those of many more experienced people, of the efficiencies for various types 
of boilers that we should take for bogey purposes. These figures assume that in 
all appropriate cases economisers and/or air heaters are fitted. A boiler without 
an economiser or its equivalent can hardly be entitled to rank as reasonably 
perfect. 


lABLE LXV. ‘‘BOGEY” BOILER EFFICIENCIES 


! 

PER CENT. 

Crane boilers .. 

50 

Shunting loco boilers . 

60 

Vertical cross tube boilers—small .. 

70 

»» >> »» »> ^large 

78 

Lancashire boilers 

75 

Economic boilers. 

78 

Watertube boilers—small 

78 

„ „ —large. 

84 

„ —very large 

90 

Sectional boilers—small 

70 

„ „ —large . 

75 


Many factory managements have little idea of how much steam their 
boilers are generating. It is possible often to do a boiler test. No elaborate 
instruments are needed. The coal must be weighed and the steam must be 
measured over a reasonably long period—a week preferably—a shift at least. 
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If it is impossible to measure the steam, some idea of the efficiency can be got 
by estimating the losses but, as in the efficiency test, the coal must be weighed. 
The only instruments needed for estimating the losses are a high temperature 
thermometer and an Orsat. (The Orsat instrument for determining the GOg 
in flue gas is described on page 720 of the ‘‘ Efficient Use of Fuel ”.) 

Wherever possible every boiler house should be equipped with such 
facilities as to give an accurate measurement of the coal burnt each week and 
the total steam produced. 

Measurement of coal burnt should be part of the routine measurements of 
any factory, however small. If the coal is delivered straight on to the boiler 
firing floor the measurement can be got with fair accuracy if at the start and 
finish of a period there is no coal at all on the floor. Estimation of the amount 
of coal in a heap is difficult, though some experienced men can do it fairly well. 
The coal can be measured over a shift by putting all the coal fired into a tub 
frame or barrow, taking care that the tub or frame is always filled to the same 
amount and weighing a fraction, say one in five or six, of the tubs. It is important 
that the shift chosen should be a typical average shift and that during the test 
the firing conditions should be typical average and not greatly improved for 
the occasion. 

The basing of fuel consumption and steam generation on occasional tests 
is dangerous. It is beyond human frailty to keep the conditions at their average 
badness during a test and unduly good figures are always obtained. The only 
safe way is to measure the coal burnt and the steam made in every week. 

574. ESTIMATING BOILER EFFICIENCIES. Remarkably accurate 
guesses of efficiency of a boiler plant can be made by an experienced man. 
This should never be done by a member of the factory staff. Wishful thinking, 
however conscientious the thinker, always gives too good a figure. An 
independent outsider should be asked to make the estimate. Such free expert 
advice can be obtained from the Ministry of Fuel and Power Regional Office 
or from the Goal Utilisation Joint Gouncil, or—ask a neighbour. 

An example of perfectly genuine wishful thinking comes from Scotland. 
One of the leading firms in the country, who kept good records but who had 
inadequate boiler house instruments, were logging up week after week boiler 
house efficiencies of 73 per cent. They were visited by an engineer from the 
Ministry of Fuel and Power. After a brief look at the boiler house he bluntly 
said that 73 per cent, was out of the question and that the efficiency was more 
like 50 per cent. I'he factory management stoutly maintained that their 
73 per cent, was right ; they said it was their test result. On investigation it 
was found that the test had been done years before and it had been assumed 
that conditions had remained unchanged ever since. An immediate test was 
arranged and the efficiency turned out to be 49 per cent. This little true talc 
points several lessons. Routine logging of figures can be very dangerous. 
Tests should be done continuously, or, at least, very frequently. An experienced 
man can guesstimate very exactly. 

For what they are worth. Table LXVI gives the author’s suggestions as to 
the most likely boiler efficiencies under various conditions. 
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575. BOILER TESTS—MEASURING EFFICIENCY. All that we need to 
do is to measure the coal burnt, the steam put out, the temperature of the feed 
water and the temperalure, pressure and if possible quality of the steam 
put out. Thermometer pockets must be screwed or welded into the steam pipe 
and the feed pipe. A recording steam meter should be on every boiler. (The 
recording and integrating steam meter is the most important instrument in a 
boiler plant. It tells the fireman his load. It records the peaks and valleys. 
It records the amount of steam actually made.) If there is no steam meter and 
if there is no money to buy one, a cheap accurate meter can be made as 
described in Sections 215 to 232 in Chapter 6, but this meter does not record or 
integrate so tliat its readings must be taken every few minutes and the readings 
logged. 

The boiler efficiency is 

Pounds of steam produced X (total heat of steam/lb. — lieat in feed water/lb.) 
Pounds of coal burnt X calorific value/lb. by analysis or from Table LXII 


TABLE LXVI. PROBABLE BOILER EFFICIENCIES 


LANCASHIRE ECONOMIC | WATERTUBB 


No instruments, dirty, brickwork leaking badly, 

dampers jammed .(A) 40 

Few instruments, clean, brickwork leaking, 
dampers inaccessible .. .. .. (A) 50 

No instruments, clean, brickwork fair, dampers 
accessible .. .. .. (B) 60 

Good instruments, all working, tight brickwork, 
dampers operated from firing floor .. (B) 65 

Deduct 5 if working day work only 

(A) Add 5 for economiser 

(B) Add 8 for economiser 


45 

55 

65 

70 


50 

60 

68 

73 


There are refinements and corrections that should be applied such as the 
measurement of, and correction for the heat in the blowdown. There is 
however no need to apply any refinements or corrections while the efficiency is 
40 or 50 per cent. As soon as the boiler house has been screwed up to about 
65 per cent, we can start doing an accurate test. 

It may be that there is a water meter on the feed but no steam meter. The 
water meter can be used but the measurement of steam is better. Before the 
water meter readings can mean anything we must know the amount of blow¬ 
down. This can be measured, making proper allowance for flash. Water 
meters, especially on hot water, are not as reliable as steam meters, but if water 
is to be measured it is better to measure the fill of large feed tanks by dip than 
to trust to water meter readings. Water meters should be very frequently 
checked against actual flow into a measured tank. If a continuous record is to 
be kept based on water to boilers and on blow-down the blow-down cannot be 
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measured each time. A standard blow-down should be aimed at—say i or 
2 inches on the glass and this should be always used, the concentration being 
controlled by the frequency of the blow-down. 

For a description of the proper way to carry out an accurate boiler test, 
see Chapter XVI of “ The Efficient Use of Fuel 

576. BOILER TESTS—MEASURING LOSSES. Many authorities on 
boiler testing hold the view that it is easier and more accurate to measure the 
losses than to measure the efficiency, and to deduce the efficiency from the 
losses. This may be true of a very efficient plant—the author is not qualified 
to express an opinion—but he stoutly affirms that the measurement, so-called, 
of losses in a bad plant is impossible and is pure guesswork. 

For what it is worth, here is the method. The losses to be measured are 
{a) Sensible heat in the flue gases. 

(b) Unburnt carbon monoxide in the flue gases. 

(r) Combustible matter in ashes. 

{d) Unburnt coal carried into flues as grits. 

{e) Radiation. 

{j) Blowdown. 

{g) Safety valve blows. 

In a good plant with plenty of resources {a)y (6), (c) and (/) can be ascer¬ 
tained. But however good the plant items (rf), {e) and (^) must be guessed or 
taken at a value based on proper efficiency tests. In a bad plant none of these 
items can be measured except {a), 

(a) The sensible heat loss in the chimney gases, which is probably the 

largest single loss in any plant, good or bad, is given by the 
following expression. 

K X (Temperature difference between the chimney gas and 
the air entering boiler plant in °F.) 
per cent. COg in chimney gas 
K = *35 for bituminous coal 
K = *37 for anthracite 
K = '39 for coke 

The formula is said to be accurate within i per cent, for gas 
temperatures below 500° F., but with higher temperature such as 
might be met in boilers without economisers the errors may 
approach 5 per cent. 

(b) Unburnt CO is generally very small. It usually only becomes 

appreciable when a great effort is being made to cut down excess 
air and to raise the GOg. 

(c) With coal with a very high ash and with very bad combustion this 

loss can be very high. With low ash coals and generous grates 
it can be very low. It may be anything between i per cent, and 
15 per cent. 

(d) With dry fine coal and forced draught this can be quite a big loss. 

No indication can be given. 

(e) This can be anything from 2 per cent, to 12 per cent. 
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(/) With bad water and cold feed this can be appreciable, but will never 
be really large. 

{g) This may be very large and cannot be properly measured even in a 
well instrumented plant. 

Taking everything into account it is probable that Table LXVI will give a 
far better result in anything but a very good plant than any attempt to measure 
the losses. When a boiler is being tested for efficiency and the test can be well 
and accurately done, it is very useful to check the result by balancing the pro¬ 
bable losses against the losses deduced from the efficiency. 

577. ECONOMISERS. Quite a good indication of combustion efficiency and/ 
or brickwork tightness can be obtained by measuring the performance of the 
economiser. One pound of coal requires about 16 lb. of air for good combustion. 
If the burning of i lb. of coal evaporates 8 lb. of water there will be about 2 lb. 
of flue gas for every i lb. of water passing through the economiser. As the 
specific heat of flue gas is about one quarter that of water, it follows that the 
heat transferred from the flue gas to the water will result in a i ° rise in water 
temperature for every 2° drop in gas temperature. If the water and gas 
temperatures in and out of the economiser are measured and the temperature 
drop of the gases is twice, or a little more, the temperature rise of the water, 
then the brickwork is in good condition and combustion is reasonable. If, 
however, the temperature drop of the gases is less than double the temperature 
rise of the water, it shows that there is too great a quantity of flue gas, which 
means that the brickwork is leaking or the combustion is wrong.* If the 
temperature drop of the gases is much more than twice the temperature rise 
of the water, it usually means that the economiser setting is leaking air. The 
condition of the economiser tubes has nothing to do with this measurement, 
nor has the actual temperature. It does not matter whether the gases lose 4® 
or 400° provided the water gains 2® or 200®. 

578. SUPERHEATER. If a superheater is fitted, some idea of its performance 
is needed in order to know the heat content of the steam for the heat usage 
split. Superheaters vary considerably and it is difficult to lay down any rule 
for the amount of superheat that can be expected. The only real way is to get 
a suitable high temperature thermometer into the steam pipe and find out the 
temperature of the steam. If this cannot be done, a rough idea of the super¬ 
heat can be obtained thus :— 

Express the area of the superheater tube surface as a percentage of the 
boiler heating surface. Then i per cent, of extra total heat can be assumed 
to have been put into the steam for every 5 per cent, of superheater surface in 
Lancashire boilers and for every 3 per cent, of superheater surface in water- 
tube boilers. This is admittedly crude but it works out right in a remarkable 
number of cases. 

579. FEED WATER. Feed water temperature can be anything between 
50° and 250® F. Neglect to estimate or measure the feed temperature may 
easily introduce an error of 10 per cent, or more. The best thing is of course 

* It is possible for both types of leak to be present together when their effects will counter¬ 
act giving an apparently good figure of 2. This happening should be noticeable by a reduction 
in the temperature rise of water. 
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to put a thermometer in the feed pipe or feed tank. If no thermometer is 
available it may be possible to estimate the amount of condensate and the amount 
of make-up and so to deduce the temperature. It is useful to remember that 
the hand cannot be held in water at 120° F. but it can be held comfortably 
against a pipe through which hotter water is flowing. 


580 . ESTIMATING STEAM PRODUCTION. The amount of steam that 
is being produced can now be estimated with very fair accuracy, probably within 
about 5 per < cnt. Here arc two examples :— 

Example 1. Dirty, nc'glccted boiler house, where it is necessary to 
climb over the top of the Lancashire boilers to reach the dampers, only 
to find that the chain is off the jmlley ; no economiser ; no super¬ 
heater ; feed all cold from well ; burning 40 tons a week of slack to 
raise steam at 120 psi ; working 47 hours a week. 

Heat in coal—say .. .. .. 11,500 Btu/lb. 


Heal released per hour 


11,500 X 40 X 2,240 


47 

at 


Btu 


Total heat in steam—saturated 
120 psi 

Heat in feed water (50 — 32) 

Heat added in boiler (1,193 -- 18) • • 

Estimated boiler efficiency 

(Table LXVI 40 - 5) 

Steam produced 11,500 X 40 X 2,240 X *35 
per hour 


1,193 Btu/lb. 

18 Btu/Ih. 
1,175 Btu/lb. 

35 per cent. 


Say .. . . .. .. .. 6,500 lb. 

Example 2. Fairly clean watertube boiler plant ; draught gauges, 
all working ; no other instruments ; brickwork good ; damper con¬ 
trolled from firing floor ; superheater ; economiser ; pressure 200 psi ; 
burning 120 tons a week of 140 hours of washed Midland small ; feed 
water about 50/50 condensate and cold-softened make-up. 

Heat in coal—say .. .. .. 12,500 Btu/lb. 

TT 1 j 12,500 X 120 X 2,240 ^ 

Heat released per hour — - -— - Btu 

140 


Total heat in 200 psi sat. steam 
Estimated feed temperature .. 

Heat in feed (140 —* 32) 

Heat added in boiler (1,200 — 108) . . 
Area of boiler heating surface 
Area of superheater surface 
Superheater as per cent, of boiler 
Superheater factor (Section 578) 

Heat addition by superheater (Section 

578). 

Heat added in superheater 
Total heat of steam 


1,200 Btu/lb. 
140° F. 

108 Btu/lb. 
1,092 Btu/lb. 
1,750 sq. ft. 

500 sq. ft. 

29 per cent. 
3 

10 per cent. 

109 Btu/lb. 
1,309 Btu/lb. 
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Total heat put into steam (1,309 — 108) 1,201 Btu/lb. 

Estimated boiler efficiency 

(Table LXVI 70 + 5) 75 per cent. 

Steam produced 12,500 X 120 X 2,240 X *75 
per hour ' “ “ i40 X~i~20l 

Say .. .. .. .. .. 15,000 lb. 

581 . GAS PRODUCERS. These vary greatly and it is difficult to lay down 
guides. Here are some suggestions :— 

Thenital Efficiency 
per cent. 



Hot Gas 

Cold Gas 

iiogey 

90 

75 

Large first class plants 

85 

68 

Fair plant—small 

80 

Go 

Bad conditions 

G5 

50 


582 . HOT WATER BOILERS. The foregoing guides to probable boiler 
efficiency apply equally to hot water boilers except that, owing to the lower 
temperatures at which these boilers work, they can sometimes be about i or 
2 per cent, more efficient than steam boilers of the same size operating under the 
same conditions, but, as economisers are generally not ^lpplicable, a deduction 
may have to be made. 

583 . HEAT USAGE—DIRECT COMBUSTION. The total fuel used can 
be found from the appropriate ledger account, but each separate piece of plant 
should be measured separately. With coal or coke this is comparatively easy. 
The fuel fed to each user can be measured in tubs or barrows over a certain 
number of really typical shifts. A proportion, say 10 or 20 per cent, of the 
tubs or barrows, must be weighed. This will give quite a good idea as to 
individual consumption. The individual items should be added together. 
If they add up to 80 per cent of the total, 25 per cent, can be added to each to 
make things tally. This is not accuracy, but it is much better than nothing. 
There is a complication—welcome yet tiresome. The very fact of taking all 
these measurements will almost certainly produce an appreciable reduction in 
fuel used, so a watch must be kept for this. 

Where gas is used in a large number of furnaces or ovens fed from a common 
main, matters are much more difficult. Without meters on individual plants 
or groups of plant it may be necessary to make estimates based on pipe size, 
valve opening or flame size. This may only give a result within 30 per cent, 
of the truth, but again this is much better than crass ignorance. 

Every possible opportunity should be taken of running one piece of plant 
alone for a few hours on the main gas meter, when its consumption can be 
found. This is so much better than guessing, that every effort should be made, 
on, say, Saturday afternoons or Sunday, to get such solo measurements. 

It may be that the preliminary investigation will disclose such a bad state 
of affairs that it warrants individual metering. It must not be assumed that this 
means buying dozens of meters ; meters can be hired. 
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Where producer gas is used estimation is even more difficult. But again, 
by trying to work one plant at a time and measuring the fuel added to the 
producer some sort of approximation can usually be made. 

584. STEAM USAGE. Broadly speaking there arc only two kinds of steam 
heating plant ; plant where the steam is blown direct into or on to the product 
being heated ; plant where the steam goes into a heating surface which trans¬ 
mits the heat from the steam to the product and causes the steam to condense 
inside the steam space. The measurement of steam to engines and turbines 
has been dealt with in Chapter 7. 

Steam meters are of course the best of all ways of measuring steam con¬ 
sumption. If they cannot be made available the condensate can give quite 
an accurate measurement of steam consumption in heating surface plant, 
provided corrections are made for flash and for steam quality. This has been 
dealt with in detail in Chapter 6, Section 234. Where, in the absence of steam 
meters, the steam is directly injected, the heat consumption must be calculated. 
This is dealt with in Section 235. 

All measurements of steam whether by steam meter, condensate measure¬ 
ment or calculation must be corrected. The steam meter and condensate 
measurements will include the radiation losses over the plant. The calculated 
consumption will of course not include such losses. 

585. SPACE HEATING. This is a far more important item than is generally 
realised and it is often overlooked. It is only pertinent in winter ; it becomes 
non-existent in summer. If a factory had all its plant so beautifully lagged that 
no heat was lost, it would be necessary to provide a space heating system to make 
the factory habitable in winter. There is probably no steam-using process 
factory that is so perfect. Suppose, however, that such a state of affairs could 
be achieved. The cost of providing the space heating system might deter the 
management from pursuing a laudable heat saving policy. The solution would 
be to provide part of the plant in the overcool departments with detachable 
lagging and so enable the place to be heated in winter with no extra capital 
cost and no extra heating system. 

In nearly every steam using factory loss of heat from the plant provides 
more than enough heat for warming the place. This inadvertant space heating 
must be allowed for in bogey, and, as will be seen later, in many process 
industries, space heating is the biggest single steam user. In Section 633 and 
Fig. 36G bogey space heating for a brewery is seen to be a little larger than all 
the brewing process steam requirements. 

The heat requirements for space heating can be very accurately estimated. 
Particulars for making accurate estimates can be found in an admirable booklet 
issued by the Institution of Heating and Ventilating Engineers called The 
Computation of Heat Requirements for Buildings For a first rough estimate 
we can get quite a good indication by taking broad simple figures. The 
requirements vary enormously. The figures about to be given apply to British 
winter. All the space heating figures become zero in summer, so that autumn 
and spring must be interpolated. 
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When estimating the heat required for a building, or extra ventilation 
requirements in summer, the input of heat from machines, lighting and the 
occupants must be taken into account. 

The heat supplied to a room by its occupants is as follows :— 

Approximate Btujhr, jperson 

Sedentary work .. .. .. . . 400 

Light manual work .. .. .. . . 600 

Heavy manual work .. .. . . .. 800 

In addition to this heat which is sensible heat there is about an equal 
amount of latent heat in breath and evaporated perspiration, which increases 
the humidity of the atmosphere and calls for ventilation. 

On balance the extra ventilation requirements nearly cancel the human 
heating, so that in winter the heat output of the occupants should probably 
be set against the extra ventilation required. While in summer the sensible 
heat of the occupants must be got rid of by still more ventilation. 

The whole of the current energy used for lighting is dissipated in the building 
and can be legitimately used as a heating source in winter, but an additional 
ventilation requirement, if the room is artificially lighted, in summer. 

The whole of the energy put into a machine eventually appears as heat. If 
therefore motors drive machines the total input to the motor is available in 
winter for heating, and the whole of the heat must be got rid of in summer 
by ventilation. This power heating contains some pitfalls. If the motor is 
driving a pump much of the heat energy will not be dissipated in the pump 
but possibly in another department where the resistance to pumping is being 
overcome. I'he same applies to conveyors or elevators. But in the case of 
machine tools, textile machines and the like, all the power is dissipated in 
the machine, or in its shafting or drive, or in the material being processed, or in 
the motor and switchgear. 

The electrical equivalent of heat is i kWh = 3,415 Btu (see Table VIII). 

If a building is found to call for 5 Btu/cu. ft./hr., and has a cubic content 
of say 50 X 80 X 20 = 80,000 cu. ft. it will require 400,000 Btu/hr. to heat it. 

If the building contains 20 machines each taking 6 kW the heat dissipated 
in the machines and motors is 6 X 20 X 3,415 = 409,800 so that while the 
machines are running the heating plant would not be required. 

This does not mean that heating plant can be dispensed with, except in 
very exceptional cases. It means that a normal heating plant is required to heat 
the building up before the start of work, but that when the plant is running the 
heating can and should be shut down. Only too often the heating plant goes 
on and all the doors and windows are opened thus wasting all the heat put into 
the heating plant. 

586 . VENTILATION REQUIREMENTS. Buildings must be ventilated. 
The more noxious the process the better must be the ventilation. The greater 
the number of occupants per unit volume the better must the ventilation be. 
All the air that is used for ventilation must be heated up to the temperature that 
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it is desired to maintain. All this good heat goes out with the stale air. Table 
LXVII gives a rough guide to the heating needs to provide the heat for this 
ventilating air. 

Lavish may mean several things. It may be necessary because there are a 
great many persons collected closely together, or it may be needed owing to the 
nature of the process, or it may be that a very high standard is maintained, or 
it may be due to broken windows and open doors. The last reason must be 
considered when estimating usage ; the first three for taking out bogey and for 
estimating usage. This heat is solely that needed to heat the air that is passing 
through the building. 

TABLE LXVII. APPROXIMATE HEAT REQ^UIREMENTS 
FOR BRITISH WINTER VENTILATION 

Ultra-lavish ventilation 
I avish ventilation .. 

Good ventilation 
Moderate ventilation 
Slight ventilation 


4 Btu/cLi. ft./hour 
3 

99 99 99 

2 

99 99 99 

1 99 99 99 

•5 . 


587 . LOSSES FROM FABRIC OF BUILDINGS. Heat passes through the 
roof, walls and floors of all buildings. The heat loss depends upon the material 
of which the building is built, the thickness of the roof and walls, the site and 
exposure of the l)uilding. The pamphlet referred to in Section 585 will give 
much help, but for a first approximation Table LXVHI gives enough 
information. 

Let us assume a well built brick factory with a nearly flat corrugated iron 
roof with skylights ; ventilation lavish ; dimensions 80 ft. X 50 ft. X 25 ft. :— 

Ventilation— 

100,000 cu. ft. at 3 Btu/cu. ft./hr. .. .. 300,000 Btu/hr. 

Walls (hollow^ brick)— 

[(80 X 2) + (50 X 2)] X 25 - 6,500 sq. ft. 

at 8 Btu/sq. ft./hr. .. .. .. .. 52,000 Btu/hr. 

Roof (corrugated iron and glass)— 

3,500 sq. ft. iron at 45 Btu/sq. ft./hr.. . . . 157,500 Btu/hr. 

500 sq. ft. glass at 36 Btu/sq. ft./hr. . . . . 18,000 Btu/hr. 

Floor (w^oodblocks on concrete)— 

4,000 sq. ft. at 5 Btu/sq. ft./hr. . . . . 20,000 Btu/hr. 

547,500 Btu/hr. 


If the boiler is 75 per cent, efficient, bogey coke consumption would be:— 

-547^500— _ 58 lb. coke/hour 

•75 X 12,500 

It is very noticeable that the chief heat eaters are the roof and the venti¬ 
lation. Gan we therefore reduce the ventilation without lowering our standard 
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and line the roof with fibreboard ? If the ventilation could be reduced by 
33 per cent, and the roof lined (which will cut the roof losses down by three 
quarters) the heat requirements become :— 


Biujhr. 

Ventilation at 2 Btu/cu. ft./hr. . . . . 200,000 

Walls .. . . . 52,000 

Roof—iron at 10 Btu/sq. ft./hr. . . . . 355OOO 

glass . . . . . . . . . . 18,000 

Floor .. . . . . . . . . . . 20,000 


325,000 


This reduces the coke consumption to 35 lb./hr. 

Whether it is practicable to make such drastic reduction is questionable. 
For bogey purposes it is proba 1 :)ly fair to say that the ventilation should be kept 
at the high value but that bogey should be taken out on the lined roof, beeaxise 
the roof could have been, or could be lined. 

TABLE LXVIII. APPROXIMATE BRITISH WINTER 
HEAT LOSS FROM BUILDINGS 


WALLS 


BTU SQ. FT./HOUR 


ROOFS 


Single glas<; .. 

Double glass .. 

Plain brick, 4i-in. .. 

4i-in. + fibreboard -f air space 

9-in. 

I4-in. 

18-in. 

.. 23-in. ... 

For plastered walls .. . . Deduct 

Plastered brick cavity walls, ll-in. 

„ „ „ , 16-in. 

„ „ „ ,, 20-in 

Stone, 12-in. .. 

„ 18-in. 

„ 24-in. 

Concrete, 4-in. 

„ 4-in. + fibreboard 4- air space 

„ 6-in. .. . 

„ 8-in. 

10-in. 


Corrugated iron 

■} fibreboard -i- air space 
asbestos .. 

„ 4- fibreboard 4 air space .. 

„ on wood tongued and g:ri>ovcd 

Plain asbestos 

„ „ + fibreboard 4 air space .. 

Wood tongued and grooved, 1 i-in. 


28 

15 

18 

8 

14 
11 
10 

8 

1 

9 

8 

7 

15 
12 
10 

18 

8 

16 
14 
12 


34 

9 

32 

9 

12 

25 

8 

12 


Tiles on battens 
„ „ boards 


and felt 


Asphalte on 6-in. hollow tiles 


4 1-in. cork 


6-in. b Asphalte 


4- 1-in. cork 
+ fibreboard shuttering 
„ -f- air space 


-b felt 


Ventilated wood—bare boards .. 

„ „ —boards -1 lino or rubber 

Concrete—bare or granolithic or tiled .. 

4* wood block .. 


10 

9 


36 

20 

45 

30 

XI 


15 

6 


17 

6 

11 

8 

A5 

10 

42 

10 


11 
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588 . COST OF INSULATING BUILDINGS V. HEAT SAVING. The heat 
insulation of buildings is sadly neglected. Not only is much valuable heat saved, 
but the heating system can be smaller and cheaper and this saving goes a long 
way to paying for the cost of insulating the building: Insulated buildings are 
much more comfortable. 

Oscar Faber (see Section 805) gives some examples, one of which is 
summarised below with slight modifications. 

Factory building, 300 ft. X 100 ft. X 20 ft. to eaves, say 25 ft. average. 

Walls and roof corrugated asbestos. 

Heat loss per annum with 25° F. temp. diff. .. 3,950,000,000 Btu 

Heat loss per annum with insulation f in. fibre 

board .. .. .. .. .. .. 1,780,000,000 Btu 

Annual saving by insulation .. .. .. 2,170,000,000 Btu 

Steam heating system by unit heaters with steam 
at 40 psi ; flash lost ; condensate returned ; boiler 
efficiency 65 per cent. Coal 455. per ton. 

40 psi steam will give up 920 Btu on condensation. The 
condensate will flash off 8 per cent, by weight. The 
feed will consist of 92 per cent, condensate at say 
200° F. and 8 per cent, make up at 60° F. The 
feed temperature will therefore be 189° F. 40 psi 
steam contains 1,177 Btu/lb. so that the boiler must 
add 1,177 ““ 157 = 1,020 Btu/lb. 

So that 1,020 Btu are added in the boiler for every 920 
that are liberated in heating the factory. 

With a boiler efficiency of 65 per cent. 1,570 Btu must 
be in the coal for every 920 needed by the factory. 

The money saved per annum by insulation will be .. 

The cost of the insulation will be, say, 45,000 sq. ft. at 
b¥- or. 

The saving in the heating plant should be about 

Net cost of insulation is ., 

Insulation therefore shows a return of ^(^310 on ;^630 or 49 per cent. 

It will be seen that the saving by lagging is so high that it warrants the 
closest examination. 

Here is an example from a different source, a consulting engineer in the 
Midlands. 

During the war he was asked to design a factory of about 1,000,000 cu. ft. 

One item in his quotation was Heat Insulation of Building—^^1,600 
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The client objected to this and demanded its deletion. The engineer replied 
that he must review the estimate. His new estimate was as follows :— 


£ 



Extra boiler capacity 

600 


Extra unit heaters 

400 


Extra piping and wiring . . 

100 


Larger boiler house 

200 


Extra cost of painting 

300 





Saving in insulation 

. ;{;i,600 


Extra coal to be burnt 

700 tons per 



year. 

So that in this case, FOR NO EXTRA COST AT ALL, some ;ri,500 a year 

could 

be saved. 


589 . 

SOCIAL WATER HEATING. A 5 in.* bath requires 

about 18 gallons. 


A total immersion bath needs about 32 gallons. A good luxurious hot shower 
is about equivalent to a 5 in. bath. A wash basin takes rather less than 2 gallons. 
If the water is at 110° F., and a small allowance is made for heating the bath 
itself, we can work out the heat requirements which are given in Table LXIX. 

The usage of water in canteens and sinks is very diflicult to reconcile with 
requirements. A tremendous waste usually takes place. A basis for bogey 
canteen needs is given in Table LXIX. 

TABLE LXIX. BOGEY SOCIAL WATER HEATING 
Washing 

5-in. balh. 12,000 Btu/use 

Total immersion balh .. .. .. 20,000 „ „ 

Shower .. .. 11,000 „ „ 

Basin. 1,200 „ „ 

Canteen 

Up to 100 persons 

(i gall, at 160° F., i gall, at 180° F.) 1,200 Btu/person 

100 to 500 persons 

a gall, at 160° F., I gall, at 180° F.) .. 800 

500 to 1,000 persons 

(i gall, at 160° F., i gall, at 180° F.) . 600 

590 . PROCESS HEAT REQUIREMENTS. The two principal uses of 
process heat are for the heating of water or watery solutions and for the 
evaporation of water either in evaporators or in driers of some kind. Other 
heat using processes arc the heating of other materials to cause chemical or 
physical changes, the replacement of heat taken up in endothermic reactions, 
the distillation of liquids and all kinds of stovings, cookings, etc. 

In many of the places where heat is used, it is used to replace heat that is 
being radiated by the process plant. Should such reheating be included in 

* During the war the public were exhorted to limit the depth of water in their baths to 
5 inches. 
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bogey ? Probably not. Either the processed material should be kept warm 
by better lagging or quicker processing, or the reheating, or the original heating, 
should be done by second-hand heat or waste heat, as is in fact done in many 
industries. 

In order to estimate the bogey requirements in any of these processes it is 
necessary to know, or at any rate have some kind of idea of, the physical pro¬ 
perties of the materials—latent heat, specific heat, etc. For a really detailed 
investigation the correct figures must be used, but for a preliminary survey it is 
permissible to make approximations. A few convenient figures arc given in 
Table LXX. 


TABLE LXX. SOME PHYSICAL CONSTANTS 



LATENT HEAT BTU/LB. 

SPECIFIC HEAT 

FUSION 

VAPORISATION 

btu/lb./® F. 

Water 

144 

971 

10 

Copper. 

75 

— 

•1 

Iron . . 

45 

— 

15 

Lead . 

9-5 

— 

•03 

Ammonia. 


540 

•5 

Carbon dioxide. 


100 

•25 

Hydrogen. 


— 

3-3 

Bottle glass 

1 

— 

15 

Many organic solids . 

1 30 

— 

25 

Many organic liquids 

' — 

125 

5 

Most ordinary gases . 

1 

— 

25 

Most textiles 


— 

35 

Most other dry substances 


— 

25 


Table I^XX, particularly the last five items, must be used with great reserve. 
It is only indicative of the sort of figures that are likely. The actual physical 
constants must be found and used as soon as possible. 

For the ascertainment of bogey it is not necessary to measure the heat supplied 
to any part of the process (unless the process is a mystery). It is only necessary 
to know the amount of material in process, the amount of heat it will require to 
raise it to the process temperature and whether it undergoes an exo- or 
endothermic reaction. It may be very difficult to put in any kind of meter in 
many parts of the process. It is often possible to estimate flow of material by 
deduction ; or by stopping the inflow and estimating the outflow ; or by 
stopping the outflow and measuring the inflow by dipping the tank or vessel. 
The out-put of one department is the input of the next department. Some 
suggestions for measurement are given in Chapter 6. But, broadly speaking, 
weight or volume measurements are not needed for the finding of bogey. The 
measurements are needed when we start trying to bridge the yawning chasm 
between bogey and performance. 
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591 . CONSTRUCTING THE BALANCE. How is the finished heat balance, 
either for bogey or for performance, to be set out ? It can either take the form 
of a financial balance—a formidable list of figures, or it can be a flow sheet 
diagram, or it can be a Sankey diagram. In the author’s opinion, the Sankey 
diagram is quite the most satisfactory way of setting out the result. 

The Sankey diagram* can be used for all kinds of things. It can be used to 
show the distribution of heat, water, material, costs, losses, etc. It is a tremen¬ 
dous improvement on any form of thin-lined diagram, such as a flow sheet. 
Every value is instantly impressed on the brain without there being any need 
to read figures. Chalks or water colours can give an additional set of data 
which the eye can grasp instantly. Two large examples of Sankey diagrams 
have already been given in this chapter, and a number of smaller ones were 
used in Chapter 3. 

The drawing of a good Sankcv diagram is less a science than an art, which 
can be acquired with patience and practice. Before the Sankey diagram can be 
drawn, a row of figures or, preferably, an ordinary flow diagram, must be put 
down setting out all the data. 

592 . CONSTRUCTING SANKEY DIAGRAMS. Fig. 36 in Section I16 
is a Sankey Diagram in its simplest form. Fig. 34 shows one way of collecting 
losses together. There is no rule. The real measure of success is whether the 
presentation is clear to the eye. The object of a Sankey Diagram is to present 
a perception-hitting picture. The various Sankey Diagrams in Chapter 3 
are meant all to be instantly comparable to the eye. Consequently all losses 
are collected together and turned to the left. This makes Fig. 34, Section 114, 
a little cumbersome to look at. 

In Fig. 353 the main flow of heat travels from left to right wdth everything 
that can be accounted for coming out downwards. Fig. 354 shows much heat 
recirculation and must be incomprehensible to anyone who does not know the 
process. But this is no disadvantage. The object of a sugar lefinery Sankey 
diagram is to stimulate sugar refiners. 

As Fig. 354 is to be compared with Fig. 353, both diagrams must be arranged 
on the same plan. 

It might have been better to have arranged Figs. 353 and 354 so that 
known useful heat went downwards and known losses went upwards. 

593 . THE APPROACH TO BOGEY. It is impossible to lay down how'bogey 
is to be ascertained, without some knowledge of the practicable technique of the 
industry. An estimate of bogey without some inside knowledge may put bogey 
at some impossibly low figure or at a ridiculously high figure that is beaten by 
the inefficient. An example of what is meant is given in Section 561 wffiere the 
obvious bogey for a condensing power station was shown to be utterly un¬ 
approachable. Here is another instance at the opposite end, the beet sugar 
factory. 

* Whether Capt. Riall Sankey really invented this type of diagram the author does not 
know, but Sankey is as good a name as any other and is pci haps an improvement on “ fat-Imc 
or “entrail**, names that the author and his colleagues have used for many years. 
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The separate heat using processes were set down in Section 486, and amounted 
to 1,316 Btu/lb. beet, and this might have been taken by the uninformed as 
bogey. But results using less than 400 Btu have been obtained. 

Bogey must be approached with a very open mind. Traditional practice 
may be bad practice and may be simply tradition and nothing else. Because 
a dyeworks uses open steam to provide circulation in the dye beck does not 
mean that this is the only way of providing circulation. The man who has 
lived his life in an industry gets steeped in its tradition and it may not occur 
to him that there are some other ways of doing things. That is why it is so 
good to visit every other kind of factory from which an invitation can be cadged. 
A visit to any factory, no matter what the industry, always teaches something— 
it may be only “ how not to do it.” 

Some industrial heat balances will now be discussed in considerable detail. 
But space forbids that anything other than the main processes in these industries 
be considered. These small omissions are of no importance, they have no 
material effect on the main argument. It is hoped that the discussion of these 
balances will not be too wearisome, because they arc of paramount importance. 
The whole edifice of heat economy is built on the sure foundation of the heat 
balance, with bogey as the cornerstone. The author has only a rudimentary 
knowledge of the industries discussed and apologises for any bricks he may 
inadvertently drop. 

In places the data has been modified slightly in order to disguise the actual 
factory. These modifications have l^een done in such a way as not to affect the 
efficiency, or in any way alter the argument. 

In no case to be considered has the heat needed for heating up the plant 
itself been taken into account except in the brewery pasteuriser. In continuously 
working plant the heat capacity of the plant is usually negligibly small com¬ 
pared to the heat needed by the process. But where the heating operation is 
done in batches the heat absorbed by the plant may be very important. For 
example, in steam heated moulding presses the press is often cooled with water 
after each pressing. The heat capacity of the cured material is often much 
less than that of the press platens. 

In every case the heat needed to warm up the plant should be calculated. 
The method is given in Section igo where the heat capacity of a steam pipe was 
worked out. Any plant can be dealt with in a similar way. 

Bogeys have been taken out on the assumption that plant modifications are 
possible on quite an extensive scale. This does not mean that the factory should 
forthwith scrap all its plant and re-equip itself. It means that a programme 
should be prepared so that, as funds become available or plant requires replace¬ 
ment, the new plant can be the right plant. Some savings may be so large, 
paying for themselves in less than twelve months, as to warrant the immediate 
scrapping or alteration of quite new plant. 

The bogeys ascertained must not be taken as general bogeys for the indus¬ 
tries. They are the bogeys for the particular factories. It is impossible to lay 
down a bogey that is applicable to all laundries or to all breweries. Each factory 
must ascertain its own bogey appropriate to its own particular type of work 
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The factories whose heat balances are about to be investigated must not be 
taken as typical of either the best, the worst or the average of their industries. 
They were merely factories whose staffs were kind enough to provide the author 
with figures. The laundry is below average efficiency, the power station is one 
of the older medium pressure stations. The purpose of the examples is not to 
describe the use of steam in the industries but to illustrate ways of attacking 
the heat balance, and the suggested “improvements’* are merely illustrations 
of what might be done or at any rate what might be thought about. 

594 . LAUNDRY. The following data is obtained from a laundry :— 

Coal, 22 tons per week—definite. 

Coal consumption, 1*3 lb./lb. dry laundry—estimate. 

Throughput, 38,000 lb. dry laundry per Aveek, say 850 lb. per hour— 
estimate. 

Boiler, Hand-fired Lancashire in fair condition with economiser 
120 psi.g. On recent tests said to have given 75 per cent. The general 
look of things at the time of visit hardly supported this. The efficiency 
looked as if it might possibly be 65 per cent, or at most 68 per cent. 

Steam, Pressure to laundry 100 psi.g. 

Power, All produced by slow speed drop valve engine in externally 
good condition. Average load said to be 115 kW. Load at time of 
visit 75 kW. Say 100 kW. 

Engine exhaust. All to calorifier for water heating. Back pressure 
unknown. Say 5 psi.g. Thermostat-controlled water temperature at 
180° F. by opening exhaust vent to atmosphere—said to be very rare 

Condensate, All collected and returned to boiler feed. 

Flash, All lost. 

Make-up, Said to be very small. When 10 or 20 per cent, suggested 
was dismissed as excessive. 

Type of work, 12 per cent, wool, 88 per cent, cotton. 5 per cent, of 
the cotton must be air-dried. 

Process. I’he soiled goods are received, marked and sorted (for 
degrees and type of dirt, quality and material in peace time—for 
material only in war time). They are then washed in washing machines 
with the necessary soap and at the correct temperatures, which are very 
important. They are rinsed at various temperatures, which are again 
of great importance, and sent to the hydro-extractors where much of 
the moisture is removed. They are then dried, after being treated with 
starch if necessary. The driers are of two main types, contact and air. 
llie contact driers are either presses, roller ironers or calenders. The 
air driers are either revolving tumblers or chambers in which the goods 
are hung. Plain cotton goods like sheets are dried on multiroll ironers. 
Shirts and other things of complex shape are dried on presses which can 
be partly machines but there is always some hand finishing. Rough 
towels which cannot be squashed in a roller machine are dried in 
tumblers. Most woollen goods which also must not be squashed are dried 
in drying rooms or chambers, as also are shaped cotton goods like coats, 
etc. The finished goods are sorted back to customer-groups and packed. 
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595 . WASHING AND RINSING. The washing machines were said to be 
loaded with— 

41 lb. dry cotton/cu. ft. 
lb. dry wool/cu. ft. 

This is 20 per cent, heavier than the loading recommended by the British 
Launderers’ Research Association and is presumably purely a war time ex¬ 
pedient due to shortage of labour and a desire to economise. It should result 
in a great saving of heat, but may give poorly washed work. 

Typical washing machines are :— 

42 in. X 84 in. for cotton, 

34 in. X 54 in. for wool. 

The load of each machine can be found from tables issued by the B.L.R.A 
The washes and rinses are all measured by running dip. The water content 
cannot be calculated from the dip because the revolving cage and the load pick 
up an uncalculable amount of water. The B.L.R.A. tables allow for these 
things and give the actual water content for all running dips and loadings. 

The load in washing machines holds back 250 per cent, of its weight of 
water when the machine is drained. 

596 . COTTON WASHING. 

Machine 
Loading 
Load .. 

Specific heat of cotton 
Water equivalent of cotton load 
Water held back by wet load 


42 in. X 84 in. 
4^ Ib./cu. ft. 
303 lb. 

■35 

106 lb. 

75 gallons 



DIP 

1 

1 

i GALLONS 

OF WATER 

TEMPERA¬ 

TURE 

HEAT REQUIRED 

IN 

MACHINE 

ADDED 

AS Hor 

WATER AT 

180“ F, 

AS STEAM 


Inch 




Btu 

Btu 

1st Wash 

6 

166 

166 

130 

141,280 

— 

2nd „ 

3 

143 

68 

190 

80,900 

65,660 

3rd „ 

3 

143 

68 

210 

83,580 

42,340 

1st Rinse 

9 

187 

112 

180 

119,920 

_ 

2nd „ 

10 

194 

119 

140 

72,860 

— 

3rd „ 

15 

225 

150 

110 

73,320 

_ 

4th „ 

15 

225 

150 

Cold 

— 

— 




833 


571,860 

108,000 







571,860 






Total Heat 

679,860 
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Heat used per lb. cotton .. .. 2,244 .Btu. 

Proportion of cotton in throughput 88 per cent. 

Actual cotton washing heat of which 

313 Btu is steam heat .. .. 1,977 Btu/lb. dry laundry 

The dips and the temperatures were obtained from the laundry. The 
amounts of water in the machine represented by these dips were found in the 
B.L.R.A. tables. The amount of water added, apart from the first wash, was 
found by deducting 75 gallons, the water held by the load, from the water in 
the machine. 

The heat required is the heat needed to heat the water from 50° F. to the 
particular temperature plus the heat needed to heat the load. 

Heat needed for first wash is :— 

Water 1,660 lb. heated from 50° F. to 130° F. 

Load 106 lb. water equivalent heated from 50° F. to 130° F. 

Heat needed is (1,660 + 106) X (130 — 50) = 141,280 Btu. 

The hot water supply is at 180® F. so that the 1,660 lb. of water can provide 
1,660 y (180 — 50) = 215,800 Btu. This is much more heat than is required 
so that part of the water must be cold, and no steam wdll be needed. 

The water for the second wash is to be 143 gallons at 190° F. 

The heat in the machine must be :— 

(106 + 1,430) X (190 — 50) = 215,040 Btu. 

The heat left in the machine from the first wash is :— 

(106 + 750) X (130 — 50) = 68,480 Btu. 

Heat required for second wash is :— 

215,040 — 68,480 = 146,560 Btu. 

The water to be added is 68 gallons which canmot provide this heat, so some 
steam will be needed. 

Let a: = lb. of 5 psi steam containing 1,156 Btu/lb. and capable of 
providing 1,156 — 18 = 1,138 Btu/lb. 

^ Then 1,138^: -f (680 — at) 130 = 146,560 Btu 

i,oo8a: == 58,160 

* 57-7 lb. 

Check 57-7 X 1,138 = 65,663 

(680 — 57*7) X 130 = 80,899 

146,562 Btu 

Each wash and rinse must be similarly analysed. 

The rinses, being at or below 180^^ F., call for no steam. 

597 . WOOL WASHING. The heat and water requirements are found in 
just the same way, except that at the low temperature at which wool is washed, 
no steam is needed. 
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Machine .. .. 34 54 

Loading . 3 i Ib./cu. ft. 

Load ...... 93 ^b. 

Specific heat of wool .. *35 

Water equivalent of wool load 33 ^b. 

Water held by wet load .. 23 gallons 




GALLONS 

OF WATER 

TEMPERATURE 

HEAT REQUIRED 
AS HOT WATER 


DIP 

IN MACHINE 

ADDED 

® F. 

AT 180° F. 
BTU 

1st Wash 

Inch 

7 

68 

68 

100 

35,650 

2nd 

8 

72 

49 

100 

24,500 

1st Rinse 

10 

82 

59 

100 

29,500 

2nd „ 

12 

92 

69 

100 

34,500 



i 

245 ! 


124,150 


Heat uswd per lb. wool 
Proportion of wool in throughput 
Actual wool washing heat 


1.335 Btu. 

12 per cent. 

160 Btu/lb. dry 
laundry. 


>Contact driers. 


598 . DRYING. Good hydro work leaves about 45 per cent, moisture in the 
material. We will assume 50 per cent. 

Sheets, etc., are dried in calenders or multiple" 
ironers 

Shirts, etc., are dried in presses or are hand 
finished 

Towels are dried in tumblers . . . . . . ^ 

Woollens, etc., are dried in drying rooms or >Air driers, 
chambers . . . . . . . . . . J 


Average multiroll ironers use about 3*0 lb. steam/lb. moisture evaporated. 
Very good performances of below 2*o lb. have occasionally been reported. 
We will take 3*0 lb. 

Average tumbler steam consumption is about 3^-3^ lb. steam/lb. moisture. 
Good low pressure recirculation tumblers can be made to operate with 
2-0 lb./lb. We will take 3^ lb. Drying rooms may use more, but we will 
take 3^ lb./lb. 


Much of the work actually put into the driers contains nothing like 50 per 
cent, of moisture, because, during sorting and waiting, much of the moisture 
dries off into the atmosphere of the work room. But the latent heat for this 
drying must have been provided by cooling the work or cooling the air of the 
room. So for heat balance purposes it is correct and legitimate to assume that 
the full moisture content as left by the hydro must be evaporated. 
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Air Contact 

Drying Drying 


Wool per cent, of work 

,, 

12 


Cotton per cent, of work 


5 

83 

Material per cent. 

.. 

17 

83 

Moisture per cent. .. 

.. 

50 

50 

Moisture to be removed 

.. 

50% of 17% 

50% of 83% 

or lb./lb. throughput 

.. 

•085 

•415 

Lb. steam/lb. moisture 

.. 

35 

30 

Steam required lb. .. 


•298 

1-245 

Total heat in this steam (100 

psi.g.) 

355 Btu 

1,482 Btu 

Latent heat given up 

. . 

263 Btu 

1,098 Btu 

Heat in condensate .. 

. . 

92 Btu 

384 Btu 

Flash lost (Table IV) 

. . 

•0395 lb. 

• 1652 lb. 

Flash heat lost 


46 Btu 

190 Btu 

Heat in recovered condensate 


46 Btu 

194 Btu 

Heat used in driers (A ~ B) 


309 Btu/lb. dry 
laundry. 

1,288 Btu/lb. dry 
laundry. 


599 . SPACE HEATING.—VENTILATION. Most of the laundry is more 
than adequately heated by heat lost by the plant. Only the receiving, sorting 
and packing rooms require system heating. Were all the plant perfect, it 
would be necessary to instal a space heating system throughout. So that some 
of the plant losses are not true losses but must be credited to space heating. 
So in the following balance winter conditions will be assumed and the heat 
necessary for space heating and provided by radiation will be credited. As 
the atmosphere is steamy in the wash house and drying departments the venti¬ 
lation should probably be on the ultra-lavish scale—see Table LXVII. The 
ventilation in the sorting, receiving and packing departments need only be 
good. 

The receiving, sorting, packing and delivery rooms are :— 

6o X 24 X 13 = 18,720 cu. ft. 

60 X 24 X 18 = 25,920 „ „ 

28 X 24 X 16 = 10,750 „ „ 

52 X 20 X II = 11,440 „ „ 

66,830 „ 


At 2 Btu/cu. ft./hour this calls for 133,660 Btu/hour or 157 Btu/lb. dry 
laundry. 

The washing and drying departments are :— 

160 X 40 X II = 70,400 cu. ft. 

68 X 36 X 13 = 31,800 „ „ 


102,200 „ „ 
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At 4 Btu/cu. ft./hour this is 408,800 Btu/hour or 481 Btu/lb. dry laundry. 
The total ventilation needs are 638 Btu/lb. dry laundry. 

600 . SPACE HEATING—WALLS. The buildings are all strung end to end 
on a long narrow site with virtually only two end walls. The walls are of plain 
g-in. and 14-in. brickwork. 



9-in. 

14-in. 

One end wall, 40 X 30 .. 

— 

1,200 sq. ft. 

„ „ „ 24 X 18 . . 

— 

432 33 33 

Part end wall, 40 X 12 . . 

480 

— 

33 33 53 ^ • • 

— 

288 „ „ 

Side walls, 60 X 15 X 2 . . 

— 

1,800 ,, ,, 

„ „ 60 X 11 X 2 . . 

— 

1,320 „ „ 

„ „ 28 X 12 X 2 . . 

— 

672 „ „ 

3, 33 52 X 9 X 2 . . 

93 ^^ 

— 

„ „ 160 X 10 X 2 . . 

— 

3,200 3 , ,3 

„ „ 68 X 11 X 2 .. 

— 

1,496 „ „ 


1,416 

10,408 „ 

Windows about 1 wall area . . 

472 

834^9 53 33 

Brick area 

944 

^5939 35 33 

Brickwork loss (Table LXVIII) 
Window glass loss (Table 

i4Btu/sq. ft./hr. 

11 Blu/sq. ft./hr. 

LXVIII). 

28 „ 

^>8 

53 33 

Total brick loss 

13,216 Btu/hr. 

76,329 Btu/hr. 

Total window loss 

13,216 „ 

973 132 33 

Total wall loss 

• • 1 995^93 Btu/hr. 

or 


236 Btu/lb. dry laundry. 


601 . SPACE HEATING — ROOFS. Apart from a very small piece of corru¬ 
gated iron roof, all the roofs are of slate on boards. 


Slate on board—low pitched, 60 

28 

55 33 33 33 33 

33 33 33 33 33 IOO 

33 33 33 53 33 

Add 15 per cent, for pitching 
Slate on board—high pitched 6o 

Add 50 per cent, for pitching 


X 24 1,440 sq. ft. 

X 24 = 672 „ „ 

X 40 = 4,000 „ „ 

X 36 -= 2,448 „ „ 

^,560 „ „ 

9,844 sq. ft. 

X 24 = 1,440 „ „ 

2,160 „ „ 


12,004 ,, „ 

About 1,000 sq. ft. is glass 

Leaving slate onboard ii,ooo „ „ 

Corrugated iron—low pitched, lined 

matchboard (40 X 60) + 15 per cent. 2,760 
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We have therefore (see Table LXVIII) 

11,000 sq. ft. at 30 Btu/sq. ft./hr. 330,000 Btu/hr. 

1,000 sq. ft. at 36 Btu /sq. ft. /hr. 36,000 „ 

2,760 sq. ft. at 20 (say) Btu/sq. ft./hr. 55j200 „ 

421,200 „ 



or 

496 Btu/lb. dry laundry 

602 . SPACE HEATING—FLOORS. 


Wood on 


Wood 

Concrete concrete 

Dimensions 

60 X 24 

60 X 24 68 X 36 

28 X 24 



160 X 40 

Area—sq. ft. 

1,440 

8,512 2,448 

Btu/sq. ft./hr. (Table LXVIII) 

10 

5 

Btu/hour 

14,400 

51,072 12,240 

Total floor loss 


77,712 Btu/hr. 

Floor loss 


91 Btu/lb. dry laundry 


603 . POWER. The engine gets steam at say 100 psi.g. and exhausts at, say, 
5 psi.g. A little interpolation in Table X tells us that an ideal engine taking 
10,000 lb. steam/hour under these conditions would give 550 H.P. and that the 
efficiency ratio would probably be 66 per cent, for a practical engine of this 
size. The laundry engine is giving about 134 H.P. and is therefore about one 
third of the size. 


Wc can hardly expect to get an efficiency ratio higher than 60 per cent. 
The engine in Table X would at 60 per cent, give 550 X -6 = 330 H.P. 
The laundry engine gives 134 H.P. and therefore requires 
-= 4,000 lb. steam/hour. 

330 

With a dry laundry throughput of 850 lb./hr., this means that the steam 

to the engine must be = 4-y8 lb./lb. dry laundry 

850 

having a heat content of (I5I91 — 18) 4*78 = 5,605 Btu/lb. dry laundry. 


The losses in the engine apart from those that go into the exhaust are, sa> 
20 per cent, so that the heat actually used for power purposes will be 

^ 5 ^^ Btu/lb. dry laundry. 

•S X 850 

If the loss is 20 per cent, we get 400 Btu/lb. delivered as power, 

102 Btu/lb. generating loss, 

and 5,605 — 502 = 5,103 Btu/lb. in the exhaust. 
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604 . LAUNDRY HEAT SUMMARY. 


Cotton washing .. .. .. .. i >977 

Wool washing .. .. .. .. i6o 

Contact driers .. .. .. .. 1,288 

Air driers .. .. .. .. .. 309 

Power .. .. . . .. .. 502 

Space heating—entilation .. .. 638 

Building loss .. .. 823 


5,697 Btu/lb. dry laundry 

If the boilers are 68 per cent, efficient with coal of 11,000 Btu/lb. and 
I *3 lb. coal/lb. dry laundry, the steam heat produced is 
11,000 X 1*3 X *68 = 9,724 Btu/lb. dry laundry. 

The actual heat purchased is 14,300 Btu/lb. dry laundry. 


605 . LAUNDRY DIAGRAM. We can put all this information down as a 
Sankey diagram, Fig. 355. This diagram makes no attempt to assess bogey. 
It is simply a first attempt to put down what the laundry say they are doing 
and to show what a good picture can be obtained from the somewhat meagre 
data available. 


The exhaust from the engine goes into the calorifier and consists of 4 * 78 lb. 
steam containing 5,103 Btu. At 5 psi.g. the latent heat is 961 and the sensible 
heat is 196. If x is the amount of steam, we have 

(4-78 X 196) +g 6 ix =- 5,103 

a: =- 4*33 lb. 

The exhaust must therefore consist of 

4*33 lb. steam 
•45 lb. moisture 

The wash water requires 2,137 Btu which will be provided by exhaust heat 
up to 180° F. Above that temperature live steam must be used. The live 
steam heat required was 313 Btu, leaving i ,824 to be provided by engine exhaust. 

The amount of exhaust steam condensed in the calorifier will be 

961 

The calorifier trap will have to handle this and the moisture in the steam 

1-9 + -45 = 2-35 lb. 
containing 2-35 X 196 = 461 Btu. 

The flash from 5 psi steam to atmosphere is 1*58 per cent. (Table IV) or 
'0371 lb. 

containing -0371 X 1,151 = 43 Btu. 

The heat left in the condensate after flashing will be 

461 — 43 = 418 Btu. 

The steam to the driers and its condensate and flash are all set out in Section 
598 and can be drawn straight in. 


608 











THE HEAT BALANCE 


§ 605-606 

Only the known condensate has been shown as returning. There is other 
condensate from the steam that has not been accounted for, but until we can 
account for it we must leave it out of the diagram unless it can be measured. 



355 - ACTUAL LAUNDRY HEAT DISTRIBUTION 


606 . LAUNDRY DISCUSSION. Fig. 355 runs true to form. The author 
has seldom seen a first industrial Sankey heat diagram that did not look like 
this. (Compare the first diagram of his own factory, Fig. 353.) It is the 
striking manner in which the Sankey diagram drives its lessons home that 
makes it so valuable. 

Now this diagram was based largely on w^hat the laundry thought it was 
doing—not what it was doing. This docs not make the picture any better ; 
it might only cause it to be the wrong shape in some places. 

Only 45 per cent, of the heat in the exhaust steam has been accounted for 
and we have taken much less power and consequently have shown much less 
exhaust steam than the laundry thought they werb making. There are some 
obvious possibilities. Either the exhaust is blowing to atmosphere much oftener 
than the management believe or there is a tremendous waste of hot water, 
or the engine is extremely inefficient with very heavy cylinder condensation. 
Possibly all these things are happening. 

The calorifier thermostat is set to heat the hot water to 180° F. This means 
that much live steam must be used in the washers, thus ensuring that more 
exhaust steam is wasted. 

If the boiler efficiency were really 75 per cent., as believed by the laundry 
management, it makes the picture much worse as the unknown would go up 
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from 3,973 to 4,974. If, on the other hand, the boiler efficiency were nearer 
50 per cent.—from experience this is by no means unlikely, or unreasonable— 
over half of the great unknown is accounted for. 

The flash steam is all lost. But it only amounts to 7 per cent, of the unknown, 
and, although it is better to collect than to waste it, the big things should be 
tackled first. Steam or condensate metering is clearly called for so that the 
sites of the unknown wastes can be found. 


We will now ascertain, if we can, just how little heat this laundry might use, 
doing the same work as before, but using the technique laid down as proper 
by the B.L.R.A. 


607 . WASHING BOGEY. Wc will take washes and temperatures as suggested 
by the B.L.R.A. for good laundry practice. This will increase the amount of 
water appreciably. We will also load the washing machines to the recommended 
loading. This will still further increase heat and water consumption. 


We can modify the tabulations in Sections 596 and 597 thus :— 


Cotton — 

Machine . . 

Loading . . 

Load 

Specific heat of cotton .. 

Water equivalent of cotton load 
Water held by wet load 


42 in. X 84 in. 
3J Ib./cu. ft. 

235 lb. 

•35 

82 lb. 

59 giillons 




I 

1 WATER, GALLONS 

TEMPERA- 

HEAT REQUIRED, 
BTU 

1 

^ WATER 

1 

RUN OFF 


1 DIP 

1 

1 

1 

IN 

MACHINE 

1 

ADDED 

TURE 
"" F. 

1 AS HOT 

1 WATER AT 
j 210^ F. 

1 

AS 

STEAM 

gallons! 

1 BTU 

i 

1 St Wash 

In. 

7 

156 • 

156 

1 

120 

1 

114,940 

j 

97 

67,900 

2nd „ 

4J 

142 

83 

140 i 

88,140 

— 

83 

74,700 

3rd .. 

4 

130 

71 

210 

1 

105,640 

55,000 

71 

113,600 

1st Rinse 

11 

187 

128 

180 

146,260 

_ 

128 ! 

166,400 

2nd „ 

11 

187 

128 

140 

88,320 

— 

128 

115,200 

3rd „ 

17 

245 

186 

no 

91,440 

— 

186 

lli;600 

4th 

20 

276 

217 

Cold 

— 

— 

217 

9;540 




969 


634.740 
55,000 

689.740 
Btu 

55,000 
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Heat used per lb. cotton 
Per cent, cotton work .. 

Actual cotton washing heat 
of which 206 Btu is live steam heat. 


• • 2,935 Btu 
.. 88 

.. 2,583 Btu/lb. dry laundry. 


JVool— 

Machine . . 

Loading ., 

Load 

Specific heat of wool 
Water equivalent of wool load 
Water held by wet load 


34 in. X 54 in. 

2J Ib./cu. ft. 
70 lb. 

‘35 
25 lb. 

18 gallons 



DIP 

1 

i 

WATER, GALLONS 

TEMPERA¬ 

TURE 

"f. 

HEAT REQUIRED, 
BTU 

WATER 

RUN OFF 

IN 

MACHINE ! 

1 

. 

ADDED 

j 

AS HOT 
WATER AT 
210^^ F. 

AS 

STEAM 

I 

1 

GALLONS 

HEAT 

BTU 


In. 








1st Wash 

13 

97 

97 

100 1 

49,750 

— 

79 

39,500 

2nd „ 

13 

97 

79 

100 

39,500 

_ 1 

79 

39,500 

1st Rinse 

13 

97 

79 1 

100 1 

39,500 

_ 

79 

39,500 

2nd ,, 

13 

97 

79 j 

100 

39,500 

— 

79 

39,500 

3rd „ 

13 

97 

79 1 

100 ' 

39,500 

— 

79 

39,500 




413 

1 

1 

1 207,750 

1- 

1 


1 



Heat used per lb. wool .. 
Per cent, of wool work . . 
Actual wool washing heat 


.. 2,968 Btu 
12 

356 Btu/lb. dry laundry. 


608 . BOGEY WATER HEATING. We have assumed in the foregoing 
washing tabulation that the calorifier is now arranged to heat the water to 
210° F. This has reduced the live steam to the washers. 

We will divide the wash house drain into three channels. The hot wash 
water and first rinse will go into one channel and will pass through a heat 
exchanger where it will part with some of its heat to the ingoing cold water. 
The second and third rinses will be recovered and filtered, thus saving this 
water and the heat in it. The fourth rinse will go straight to drain. 


The recovered rinses will be 

as follows : 

o~ -0- - 


Gallons 

Heat 

2nd cotton rinse .. 

128 

115,200 

3 ^^ 99 

186 

111,600 


314 

226,800 for 235 lb. cotton. 


1-176 

611 

849 „ 0 -88 „ „ 
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and wool rinse 

• • 

79 

39*500 





79 

39*500 





158 

79,000 for 

70 

lb. wool. 



•271 

135 ** 

0-12 

lb. „ 

Total 

. • 

1-447 

984 



Assume a heat loss of 10 

per cent, and we get 



I • 447 gallons containing 

886 Btu. 



The temperature will be 

886 

+ 50 = 

in°F. 




14-47 





The wash water and first 

rinses 

will be 

— 




Gallons 

Heat 



1st cotton wash 

,. 

97 

67,900 



2nd „ „ 

.. 

83 

74*700 



„ „ 

.. 

71 

113,600 



ist „ rinse 


128 

166,400 





379 

422,600 for 

235 

lb. cotton. 



1-419 

1*582 „ 

0-88 


ist wool wash 

.. 

79 

39*500 



2nd ,, ,, 

.. 

79 

39.500 



1st „ rinse 


79 

39*500 





237 

118,500 for 

70 

lb. wool. 



•406 

203 „ 

0-12 


Total 

• • 

1-825 

1*785 




Assume a heat loss of 10 per cent, and we get 

1*825 gallons containing 1,606 Btu. 

The temperature will be + 50 = 138° F. 

The incoming cold water will include the boiler make-up and the last cotton 
rinse. This will total about 4 gallons/lb. dry laundry, so that there is plenty 
of capacity to absorb heat. 

It is reasonable to assume that half the heat can be recovered, or 803 Btu. 

This will increase the incoming water by = 20*" F. (There are wash house 

40 

heat exchangers doing much better than this.) 

The total wash water heat recovery is therefore :— 

Recovered rinses .. .. .. 886 

Heat exchanged .. .. .. 803 

1,689 Btu/lb. laundry 


609 . BOGEY DRYING. For bogey purposes we will take 2 lb. steam/lb. 
moisture for all driers and we will assume that the moisture is reduced in the 
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hydros to 45 per cent. We will also assume that only the contact driers require 
high pressure steam. 

We can assume that the flash steam from the drier condensate is used to 
heat incoming water or that the condensate is heat exchanged. 

We can rewrite the drying tabulation from Section 598 thus ;— 


Air drying Contact drying 


Material per cent. 

17 

83 

Moisture, per cent. 

• 45 

45 

Moisture to be removed 

• 45% of 17% 45 % of 83% 


•07651b. -3735 lb. 

Lb. steam/lb. moisture 

2-0 

2-0 

Steam required 

•153 

lb. • 747 lb. 

Steam pressure 

5 psi 

100 psi 

Total heat in this steam 

177 Btu 

890 Btu 

Latent heat used 

147 Btu 

659 Btu 

Condensate heat 

30 Btu 

231 Btu 

610 . LAUNDRY BOGEY DIAGRAM. 

Here are 

the figures we have 

ascertained from the last three Sections :— 

Btu 

Btu 

Washing heat—Exhaust 

• 2,733 


—High pressure 

206 


Wash water heat recovered 


1,689 

Contact driers—High pressure 

• 890 


Condensate recovered 


231 

Air driers—Exhaust 

• 177 


Condensate recovered 


30 


4,006 

I >950 

Margin for small processes 

500 


Space heating . , 

. i,4bi 


Total heating load 

• • 5,987 


Recovered heat 

• • 1,950 


Net heating requirements 

.. 4,017 Btu/lb. dry laundry 

We can now build up our diagram, Fig. 

356, from the figures we have got 

out in the foregoing three Sections. A little faking is 

necessary to make the 

figures tie up. 


Btu 

The total wash water heat is .. 

.. 

2,939 

The wash water heat recovered is 

.. 

1,689 

Net heat to be supplied is 

• • . • 

1,250 

The high pressure steam heat is 

.. 

2o6 

Leaving exhaust heat of 

.. 

1,044 

The exhaust steam needed will be 

.. 

-’’0^= i-o 861 b. 

961 


(C6283) 


u* 
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C3ontaining .. .. .. .. .. .. 1,256 Btu 

There wUl therefore be .. .. .. .. 212 „ 

in the condensate and it can be assumed that no 
flash heat is lost. 

The contact drier steam heat is .. .. .. 890 „ 

with a condensate heat of .. .. .. .. 231 „ 

The air drier heat is .. .. .. .. .. 177 » 

with a condensate heat of .. .. .. .. 30 „ 


The total condensate is i * 086 lb. containing 212 Btu 

* ^53 3^ >5 

*747 yy ^ 3 ^ yy 


I • 986 lb. „ 473 Btu 



(winter conditions) 

PIG. 356. BOGEY HEAT DISTRIBUTION FOR LAUNDRY ANALYSED IN FIG. 355 

The flash steam from the condensate will be used for water heating. 

This will reduce the amount of exhaust heat necessary which will in turn 
reduce the condensate and the surplus condensate heat will itself be reduced. 
We will make approximate adjustments somewhat arbitrarily as follows :— 

Exhaust heat to washing reduced from 1,256 to i,iio. 

Condensate from calorifier reduced from 212 to 185. 

Surplus condensate heat to water 151 to 145. 

611. LAUNDRY POWER. We see by the diagram as it is so far shaped that 
the exhaust steam is greatly reduced, and that we cannot hope to generate the 
power that the laundry asserted was their load, with the present laundry 
engine. 
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The laundry management believed this load was 115 kW. At the time of the 
visit it was 75 kW. We took a middle figure of 100 kW. 

With 38,000 lb. of work in a 45-hour week the hourly throughput is about 
850 lb. 100 kW represents 15-8 H.P./ioo lb. work. This is a very heavy 
power consumption. A fairer figure would be 10 H.P./ioo lb.—giving a load 
of say 65 kW. 

For bogey purposes we should take the best engine performance that can 
be expected. 

From Section 104 we find that we can hardly expect a better efficiency 
ratio than 55 per cent, from a very small engine. If we go to the highest 
reasonable pressure with a shell type boiler we can say that 250 psi is about the 
limit and we can superheat to 500"^ F. 

The Mollier chart shows that we can get an adiabatic heat drop of 208 Btu 
from 250 to 5 psi. With a 55 per cent, efficiency ratio the real heat drop will 
be 114 Btu, and the exhaust will contain 1,148 Btu/lb. above 32° F. or 1,130 Btu 
above 50® F. 


Our incomplete diagram shows that we have 3,248 Btu in the engine 
exhaust per lb. of dry laundry. We shall therefore have a power output, with 
an 80 per cent, generator efficiency, of 

3,248 X 114 X -8 C Tf. r lu J 1 J 

-z-= 252 Btu of power per lb. dry laundry. 

1,130 

This corresponds to just over 10 H.P./ioo lb. laundry. 

We can take the generator and engine losses at about 100 Btu. 


So that the input to the engine must be 3,248 + 100 + 262 = 3,610 Btu. 

We are justified for bogey purposes in taking a boiler efficiency of 75 per 
cent., so we can now complete the diagram. 

With coal of 11,000 Btu/lb. this laundry should be able to get down to 
•54 lb. coal/lb. dry laundry as soon as it can re-arrange and renew its plant, 
always assuming that the savings are worth it. 

It is at present using 22 tons coal/week. If it could achieve bogey it would 
burn just over 9 tons a week. A saving of some 650 tons a year. At 6oj./ton 
tliis would be worth 1,950 a year. There is the added advantage that this 
saving is based on first-rate laundry technique which is far from what the 
laundry is following at present. 


The laundry is one of the simplest steam using industries. There are only 
two main processes, the washing and the drying and these are not inter¬ 
connected but are entirely independent. We will now look at a more 
complicated case where the possibilities of heat exchange are much more varied 
and where there are more processes. 
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612, BEER BREWING. The input of a brewery is cold water. The output is 
cold beer. Apart from losses in spent malt grains, hops and yeast and possibly 
cask washings, a perfect brewery should need no heat if it had perfect heat 
exchange and if it could be given the necessary push to start things off. 

Fig. 357 shows the information obtained from a brewery. The basic 
brewery output unit is the barrel of finished beer—36 gallons. All the items 
are given in terms of this unit. The first process is the leaching of the malt with 
hot water—or “ liquor ” as water is called in a brewery. This is done in the 
mash tun. 35 lb. of malt is used per barrel. The malt is steeped in liquor at 
about 160° F. for some time. As the “ sweet wort ’’ is run off the mash tun 
additional liquor is added through a sparge pipe at carefully adjusted tempera¬ 
tures until the desired extraction has been obtained. The quality characteristics 
of beer depend largely upon the analysis of the mashing water and on the 
temperatures at various stages of mashing. 

The “ sweet wort ” runs into a tank or “ under back ’’ until sufficient is 
collected to charge the copper. (Tanks in breweries are generally called 
“ backs This word has presumably the same derivation as the dyeworks 
“ beck Both probably came from the French “ bac ”—a shallow vessel). 

The spent malt, known as brewers’ grains, is sold for cattle feeding. 27 
gallons of wort are carried away in the grains per “ quarter ” of malt. (A 
quarter, which we always thought was 28 lb., proves to be 3 cwt. in a brewery.) 

The sweet wort is run into the copper where hops and invert sugar are 
added. In the copper the wort is boiled for i to 3 hours to effect complete 
sterilisation, to coagulate albumenoids and to extract the flavouring and 
preservative matters from the hops. Brewers are divided as to the virtue or 
necessity of evaporation. Some brewers hold that boiling drives off undesirable 
matters. On the other hand hops are often added later in the process to restore 
hop oil, etc., driven off in the copper. The object of boiling is not primarily 
concentration because in many breweries the wort is diluted after the copper. 
It is maintained by some brewers that pressure cooking with adequate time and 
circulation will do all that is wanted without any actual evaporation. It might 
be thought that cutting out evaporation in the copper would bring about a 
great heat saving, but, as will be seen shortly, provided the vapour heat is being 
recovered, it would not necessarily effect any saving at all. 

From the copper the “ hopped wort” is run into a tank called the ‘‘hop 
back ” which has a perforated false bottom. It is drawn off the hop back and 
sprayed back again so that the hops build up a filter bed on the false bottom. 
The hops filter out the coagulum, hop fragments and other solids, and the 
hopped wort is circulated through the hop back until it is quite bright. The 
circulation effects considerable aeration which is often thought beneficial, 
and by some brewers an essential part of the hop back process. It is then 
diverted to a storage tank called a “jack back ”. The reject hops carry away 
some 5 or 6 lb. of wort per i lb. of hops. The hop back and the jack back are 
unlagged so as to allow some cooling. (This of course is a deliberate waste of 
heat—^see Section 633.) 

From the jack back the hopped wort, at about 190® F., is run over the 
coolers, or “ friges ” as they are called. These are simply milk coolers on a 
grand scale. In the brewery under consideration the wort is cooled to 60® F. 
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and the cooling water, we are told, represents i • 3 times the wort and is heated 
up to about 130 or 140 ° F. 

If a weak beer is being made, the wort must be suitably diluted. If the 
dilution liquor is hot sterilised, it must be added before the frig. If it has been 
cold sterilised, it will be added after the frig. In this brewery the principal 
product is a mild ale which requires the addition of 48 per cent, of diluting 
liquor. We shall take out our heat balance with hot and with cold sterilisation. 
This will give us quite a big surprise. 


35 LB MALT 


SPENT GRAINS 
336 LB RETAIN 27 GALLS 
I LB « 0-8 LB 



LIQUOR 

(WATER) 


SWEET^WORT 1-055SRGR. 0-9ISP.HT. I52”F 
UNDER*BACK 


I LB HOPS 


EVAPORATION 

IO% 


SPENT HOPS 
SO LB RETAIN 36GALLS'' 
1 LB 6 LB 


I30®F TO I5cf F y 
COOLING 
WATER 

WORT X 1-3 y 
53®F 


YEAST 

RETAINS 2®/o BEER 



INVERT 4 LB 


HOPPED WORT I-06SPGR. 0-90SRKT. 2I2®F 

I ■* 

HOP BACK 

I7CPF STERILISED WATER 
4B% 

I 
I 


JACK BACK 
|93®F 

jl OSISRCR. 0-94SPHT. 
FRIG 


OR 

I 

I 

I 


60®F 

I X 

FERMENTING VESSELS 


COLD STERILISED WATEn 
48% 53® F 


6e®F 


/ 63®F 

{ COOLING 
WATER 
V 53® F 

58®F 

I 

BEER l•027SRGR. 0-95SR HT. 


UNIJ -36 gallon BARREL. 

CAPACITY - lOOO BARRELS PER WEEK. 

HOURS -6 AM TO 5 P.M. 5 DAY BREWING WEEK. 

5 HOUR SATURDAY HEATING. 

BUILDINGS -BREW HOUSE - 22x22x50 

FERMENTING 30x40x15 
ROOMS - 30 x45 x 15 

OTHERS - 22x33 x20 

CASK WASH ING- 27 galls, per barrel at i9o®f. 

STEAM; UNKNOWN 

BOTTLE TRADE- 4o®/o see fig. 359 

COAL - 49 LB PER BARREL. (?9 FOR WAGGONS) 

POWER --^7000K.WH. PER WEEK.( 25% ESTIMATED FOR BOTTLE DEPT.) 

STEAM PRESSURE 25 to 30 ps*. 

CONDENSATE — as far as possible all returned. 

WASH ING DOWN 

WATER— 400galls, per day at i6o®f. 

HEAT RECOVERY- frig water to mashing.copper vapour to cask washing. 

FIO. 357 . DATA OBTAINED FROM BREWERY 

617 



THE EFFICIENT USE OF STEAM: CHAP. 20 


§612 

From the frig, the cooled wort goes to the fermenting vessels, where yeast is 
added and the wort is fermented into beer. The heat of the reaction would raise 
the temperature to about 75° F. Cooling, or ‘‘attemperating,’’ coils prevent 
the temperature rising above 68° F. and finally cool the beer down to 58° F. 

Certain parts of the brewery need warming and ventilating. This heat 
would have to be provided separately if there were no heat losses from the plant. 

The casks must be washed and steamed. Washing calls for 27 gallc»ns per 
36-gallon barrel at 190° F. After washing the casks are steamed. The amount 
of steam is unknown and must be guessed until it can be measured. 


35 MALT 


28 INGRAINS 
(3520) 



224 LIQUOR AT I60°F 
(23970) 


I HOPS 


227 SR GR. 1055 

SWEET WORT SRHT. 0-91 

[UNOERBAOJ WALLS 

-1- (9170) 

227(20450) 

I52®F 

4 INVERT 


VENTI LATION 
(9300) 


23 EVAPORATION 
(25970) 


38 STEAM 
(444CO) 


3 EVAPORATION 
(3610) 


6 HOPS 
(765) 


5 EVAPORATION 
(6095) 




^ ROOFS 
(11280) 


SPACE HEATING 
CONDENSATE (29750) 


270 WATER 
I90®F(36990) 


5 STEAM 
(5760) 


200 

I 

HOPPED WORT SPQR. 1-06 
I SR HT. 0-90 

I95®F (25560) 

^ 185 WATER 

^ I67®F(2I075) 

385 

I82®F(46635) 



1 


CASK 

WASHING 

(42640) 


^494 WATER AT I3CPF 
^ (38040) 


FRIG. 


^94 WATER AT SsPF 


2 CO 2 


FERMENTATION 
(5380) - 


COOLED WORT 

380 SPGR. I 031 
I SR HT 0-94 
60®F(2S00) 

Y 


22 GENERAL 
WASHING 
I6CPF(2350) 


WASHING 

(45100) 


380 57”F 

. FERMENTING VESSE 
68®F - 


_^608 WATER AT 63°F 
(6080) 


B IN YEAST 
(40) 


T 


608 WATER AT 53®F 


370 LB s 36GALLaAT SRGR. 1-027 
^ SRHT. 0-9S 

58° F (1760) 

4 

FIG. 358. BREWING FLOW DIAGRAM. OPEN FIGURES, LB./BARREL. 
FIGLTRES IN BRACKETS, BTU/BARREL. 
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The brewery must be kept spotlessly clean, which calls for much water. 
Most of the lavish washing down is done with cold water, but a certain amount 
of hot water is used. This is estimated to be 400 gallons a day at 160® F. 

613 . THE MAXIMUM ESSENTIAL NEEDS. The thermal starting point 
of this brewery is the temperature—53° F.—of the well water, and this tempera¬ 
ture is taken as zero from a heat point of view. 

We will now construct our preliminary heat balance process diagram, in 
which we will assume no radiation losses and no heat exchangers. Each 
process will be given the heat it calls for. 

Fig. 358 is this diagram and must be built up from the bottom, so that 
everything can be based on the unit product—the 36 gallon barrel. We are 
assuming a beer with a specific gravity of i -027 so that the barrel will weigh 
370 lb. avoirdupois. The beer is filled into casks at 58° F. With a specific 
heat of *95 it will have a heat content above our arbitrary 53® F. zero of 
370 X ‘95 X 5 = 1,760 Btu. We need only take round figures. In the diagram 
the heat contents are shown in round brackets ( ). 

614 . FERMENTING VESSELS. We were told in Fig. 357 that the yeast 
carried away 2 per cent, of beer. So that 370 lb. represents 98 per cent, of the 
fermented beer, giving 100 per cent, as 378 lb. There is a loss of COg during 
fermentation so that a close enough approximation is probably 380 lb. into the 
fermenting vessel. 

The cooled wort with a specific heat of -94 enters the fermenting vessel at 
60® F. It will therefore contain 380 X ‘94 X 7 ” 2,500 Btu. The finished 
beer is at 58^ F. with 1,760 Btu. The heat of fermentation would, we are told, 
raise the temperature to 75® F. unless this were controlled. The specific heat 
of the finished beer is *95, so we will guess the average specific heat during 
fermentation as ‘945. The heat of fermentation must therefore be about 
380 X 15 X *945 = 5,380 Btu/barrcl. 

The yeast carries away 40 Btu, so that the total heat to be removed by the 
cooling water must be 2,500 + 5,380 — 1,760 — 40 — 6,080 Btu/barrel. 

The cooling water enters at 53® F. and leaves at an average of 63® F. The 
amount of cooling water must therefore be 608 lb. 


615 . FRIG. We were told that 48 per cent, of adjusting liquor, sterilised at 
about 170® F., was added to the hopped wort before cooling, and that the 
hopped wort left the hop back at 193® F. We therefore have 


48 parts at (170 — 53) + 52 parts at (193 — 53) X -9 = 100 parts 
containing 12,168 Btu. 

As the mixture will probably have a specific heat of -94 the temperature 
will be 

12,168 


94 


+ 53 = 182° F. 


We were told that the amount of cooling water used in the Frig, was i • 3 
times the wort, that it entered at 53° F. and left at 130° F. or so. 
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Its weight will be 380 x i *3 = 494 lb. 

It will carry away 494 X (130 — 53) = 38,040 Btu. approx. 

There is an appreciable evaporation of the wort in passing over the Frig, 
and this will remove the remainder of the heat. 

The input at 182° F. and -94 Sp. Ht. contains 121 Btu/lb. 

So we can equate thus :— 

If X is the evaporation in lb. 

Input hot wort = Cooling water evaporation + cooled wort 
(380 + x ) 121 = 38,040 + A- (1,150 - 53 + 32) + 2,500 
45.980 + I2IA- = 40,540 + l,129Af 
5,440 = i^ooSx 
5*4 = ^ 

Input is therefore 380 -f 5*4 = 385*4, containing 121 Btu/lb. or 46,635 Btu. 

Output is :— 

Evaporation .. . . .. 6,095 Btu 

Cooled wort .. . . .. 2,500 „ 

Cooling water .. . . .. 38,040 ,, 

46,635 Btu 

The amount of hopped wort is 52 per cent, of the adjusted wort. 

52 per cent, of 385 is 200, which, at 195° F. with *9 specific heat will contain 
25,560 Btu. 

The adjusting liquor will be 185 lb. containing 46,635 — 25,560 = 
21,075 Btu and will have a temperature of 167® F. 

616 . HOP BACK. We know from the information in Fig. 357 that each barrel 
is treated with i lb. of hops and that about 6 lb. of thin wort are retained by the 
spent hops left behind in the hop back. So that there must have been 206 lb. 
of wort in the hop back at clarity point. 

A considerable amount of steam is given off by the recirculation of the 
wort over the hop bed, which is the principal reason for the drop in temperature 
over the hop back—^from 212° F. to 195® F. 

We can equate thus :— 

If X is the amount of evaporation 

206 

(206 + x ) X (212 - 53) X -9 = X 25,560) + l,l29Af 
29,480 + i43Ar = 26,325 + 1,129A 

3.155 = 987^ 

3-2 = A 

3-2 lb. of evaporation will carry away say .. 3,610 Btu 

The bright hopped wort contains .. .. .. 26,325 „ 

Hopped wort leaving copper contains .. .. 29,935 Btu 
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The spent hops retain 6 lb. of wort and will carry away 
26,325 — 25,560 = 765 Btu. 

Check : 

The output of the copper must be 200 + 6 + 3-2 = 209*2 at 212° F. 
Sp. Ht. *9 containing .. .. .. .. .. 29,935 Btu. 


617 . COPPER. There is a 10 per cent, contraction by evaporation in the 
copper. 

So that 209 lb. out is 90 per cent, of the charge which must have been 
232 lb. 

But I lb. of hops and 4 lb. of invert sugar were added so that the sweet 
wort must have been 227 lb. 

The input sweet wort is at 152° F. with a specific heat of say *91. 

The sweet wort heat content must have been 20,450 Btu. 

The evaporation must have been 232 — 209 = 23 lb. 

Heat carried away by evaporation is 23 X 1,129 -= 25,970 Btu. 

We therefore have : — Btu 

Vapour off . . .. .. .. .. 25,970 

Hopped wort out .. .. .. .. 29,935 


Sweet wort in 
Steam heat needed 


55>905 

20,450 


35.455 


The latent heat of 25 psi steam is 935 Btu, so that = 38 lb. of steam 

935 

will be required. 

This will contain 44,460 Btu of total heat. 

The flash is lost, and Table IV shows that it will be 5*7 per cent. There 
will therefore be a flash loss of 38 x *057 — 2*166 lb. containing 

2*166 X 1,149 ” 2,490 Btu. 

The heat in the condensate will be 

44,460 — 2,490 — 35,455 = 6,515 Btu. 

618 . MASH TUN. The output from the mash tun is 227 containing 
20,450 Btu. 

Fig. 357 tells us that 35 lb. of malt will carry away 28 lb. of thin wort, 
practically water. 

The sweet wort has a specific gravity of i • 055. The solids in solution are 
chiefly sugars or the like so we can assume a solids content of about 
13*5 per cent. 
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The 227 lb. of sweet wort will therefore be made up of 196 lb. of water 
and 31 lb. of solids. 

The liquor input to the mash tun must be 196 + 28 = 224 lb. 

The average temperature of the mashing liquor is 160° F. 

The heat required by the mashing liquor is 

224 X (160 - 53) = 23,970 Btu. 

The sensible heat for heating the malt can be ignored because mashing is 
exothermic and provides some heating. 

The spent grains carry away 28 lb. of thin wort. We can approximate by 
saying that the wet grains carry away the difference between the input liquor 
heat and the outgoing sweet wort heat. 

23,970 — 20,450 = 3,520 Btu carried away in the wet grains. 

619 . SPACE HEATING. The brewery is steamy and calls for good ventila¬ 
tion. We will therefore, from Section 586, say that we need 2 Btu/cu. ft./hr. 
for heating the brewery ventilating air. 

The cubic content of the brewery is 22 X 22 X 50 = 24,200 cu. ft. or 
48,400 Btu/hi" 

The fermenting rooms require good ventilation to clear COg. 

Their cubic content is 30 X 85 X 15 - 38,250 cu. ft. or 76,500 Btu/hr. 

The other small departments require only moderate ventilation and have a 
content of 22 X 33 X 20 = 14,520 cu. ft. or 14,520 Btu/hr. 

The losses from building fabrics are given approximately in Table LXVIII, 
Section 587. 

The stone walls are 

22 X 50 X 4 = 4,400 
85 X 15 X 2 = 2,550 
30 X 15 X 2 — 900 

33 X 20 X 2 = 1,320 

9,170 sq. ft. 

At 15 Btu/sq. ft./hr. the loss Ifom the walls is about 137,550 Btu/hr. 

Tiled roof 22 X 22 = 484 

85 X 30 = 2,550 
22 X 33 = 726 

3,760 sq. ft. 

At 45 Btu/sq. ft./hr. the roofless is about 169,200 Btu/hr. 

The brewing hours are from 6.0 a.m. to 5.0 p.m. for five days ; and from 
7.0 a.m. to 12.0 noon on Saturdays heating will be needed. We can assume 
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that heating is required for about 67 hours a week. The output is 1,000 barrels 


per week, or 15 barrels per ‘‘heating 

hour The 

space heating load is 

therefore— 


Per hour 

Per barrel 

Ventilation 

: Brew house 

48,400 

3,230 


Fermenting 

76,500 

5,100 


Others 

14,520 

970 

Fabric 

Walls . . 

137,550 

9,170 


Roofs . . 

169,200 

11,280 




29,750 Btu/barrel. 


It has here been assumed that it is necessary to heat the ventilating air in 
the fermenting rooms. This may not be necessary, in which case the space 
heating requirements would be reduced by 17 per cent. 

620 , WASHING HOT WATER. We know from Fig. 357 that the cask 
washing water is about 27 gallons per barrel at 190° F. 

This requires a heat of 270 X (190 -- 53) = 36,990 Btu/barrel. 

There is in addition an unknown amount of steam used for sterilising the 
casks. We will guess this as being 5 lb./barrel until it can be measured and the 
requirements found out. 

Steaming heat is 5 X (iji 73 —* 53 + 32) = 5,760 Btu/barrel. 

General washing uses 400 gallons pei day at 160° F. Call this 2,200 gallons 
per week or 2-2 gallons per barrel containing 22 X (160 — 53) == 2,350 Btu/ 
barrel. 


621 . BOTTLING—REFRIGERATION. We were told that 40 per cent, 
of the trade is done in bottles, or 400 barrels per week and we have the informa¬ 
tion given in Fig. 359, From this wc can construct the process diagram 
I'iu;. 3G0. 


40% OF TRADE 
BEER 
50° F 


BOTTLE WASHING. 
CAUSTIC AT I20®F 
COOLED TO 60®F 


REFRIGERATION 

29®F 


25 HR 

CONDENSER WATER 
MAX. 80®F 


y2 PINT BOTTLE tSog 
SP. HT. 016 


BOTTLING 


OPEN STEAM 

BUILDING 40x70x15 I 

HOURS WORKED 46 I 

WATER WASTED 


FIG. 359. BOTTLING DATA OBTAINED FROM BREWERY 
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The beer leaves the brewery at 58® F. and is cooled by refrigeration to 
29" F. 

The heat to be removed is 370 X (58 — 29) X ’95 = 10,200 Btu/barrel. 

The refrigerator is driven by a 25 H.P. motor. Assume that the refrigerator 
runs for 50 hours a week at an average of 20 H.P., then the extra mechanical 
heat to be removed is 

20 X 2,545 X 50 ^ 1 

-== 6,360 Btu/barrel. 

400 

The total heat to be removed by the refrigerator condenser is 
10,200 + 6,360 = 16,560 Btu/barrel. 

If the cooling water enters the condenser at 53° F. and leaves at 80° F. 
we shall need g^ 

——-- = 613 lb. water per barrel. 

(80 - 53) 

The cooled beer now contains 1,760 — 10,200 == — 8,440 Btu/barrel. (This 
is a minus quantity because our basic temperature is 53° F.) 

During cooling the beer clarifies and absorbs COg. 

622 . BOTTLE WASHING. The bottles are washed with a caustic solution 
at 120"^ F. 


STEAM , 
(6400) ' 


FLEWASHER j 
120® F 


370 

56®F (1760) 


Si 3 

8CPf (I6560; 
WATER 


RINSING WATER T 

(5800) I 

Y BOTTLES 

6d®F (600) 


/(6360) 


10200) \L 

[_ . 1—■—1 


REFRIGERATOR 

-HC , 



29®F (-8440) 


BOTTLED BEER 
35®F (-7840) 

I _ ^ >20 0 WATER 

STEAM J pAsfEi^TsER] 90^(44660) 

(55050) ^ -1400f- J ^ I2 00WATER 

i 53° F 


WATER 

53^F 

613 


370 

BOTTLED BEER 
58°F (2330) 


VENTI LATION 
(6300) 


WALLS 

(6075) 


ROOF^ 

(l8900) 


SPACE HEATING 
(31 2 75) 


FIG. 360. BOTTLING FLOW DIAGRAM PER BARREL BOTTLED 
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To bottle one barrel requires 36 x 8 x 2 = 576 half-pint bottles. 

r ^0 X I ^ 

These weigh ——- - = 540 lb. with a specific heat of about • 16. 

The heat in the bottles after washing is 

540 X (120 — 53) X -16 = 5,800 Btu/barrel. 

The amount of make up heat to maintain the caustic at 120° F. due to loss 
of caustic and radiation is not known, so we will estimate it at 10 per cent, of 
the heat needed to heat the bottles. 

This gives a total heating input to heat the bottles of say 6,400 Btu/barrel. 

The bottles are rinsed free of caustic and cooled to about 60° F. with water 
which must be wasted. 

The cooled bottles contain 540 X (60 — 53) x • 16 = say 600 Btu/barrel. 
The bottle rinsing water carries away 6,400 — 600 = 5,800 Btu/barrel. 

623 . BOTTLING. 370 lb. of beer at 29° F. with a specific heat of -95 are 
botded in 540 lb. of bottles at 60° F. with a specific heat of *16. So that the 
bottled temperature is 

(370 X 29 X -95) + (540 X 60 X -16) ^ o p 

(370 X - 95 ) + (540 X -16) 

624 PASTEURISING. After bottling, the bottled beer is pasteurised in a 
steamer at 140° F. 

The heat to be added is 

370 X (140 — 35) X *95 = 37jOOO Btu to the beer, 

and 540 X (140 — 35) X • 16 = 9,070 Btu to the bottles. 


46,070 Btu 

Correction from next section 8,980 „ 


55,050 Btu/barrel bottled. 


625 . COOLING. After pasteurising, cooling water is sprayed over the botdes 
to cool them in the pasteuriser until they are cooled to about 58® F. 

This calls for the dissipadon of:— 

370 X (140 — 58) X *95 — 28,820 Btu from the beer. 

540 X (140 — 58) X -16 == 7,080 Btu from the bottles. 

35,900 Btu/barrel bottled. 

In addition the pasteuriser is cooled, 
requiring, say 25 per cent, more 

cooling or an additional .. 8,980 „ „ „ 

Total cooling in the pasteuriser .. 44,880 Btu/barrel bottled. 
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If the water enters at 53° F. and leaves at an average of 90® F. we shall need 
1,200 lb. of water which must be wasted. 

The heat removed from the pasteuriser during cooling must be put back 
in the next steaming and this calls for an extra 8,980 Btu which is the correction 
added to the heats in the foregoing section. 

626 . BOTTLING DEPT. SPACE HEATING. Wc shall guess that the venti¬ 
lation need only be moderate. 

The ventilation heat requirements will be 40 X 70 X 15 — 42,000 cu. ft. 
or Btu/hr. 

As the bottling dept, abuts the fermenting room there are only three walls 
to be considered. 

These walls have an area of (70 X 15 X 2) + (40 X 15 X i) = 2,700 sq. ft. 
At 15 Btu/sq. ft. the total loss will be 40,500 Btu/hr. 

At 45 Btu/sq. ft. the roof loss will be 70 X 40 X 45 = 126,000 Btu/hr. 
The total space heating requirements will be 

Btujhr, 

Ventilation . , .. .. .. . . 42,000 

Walls . . . . .. .. . . 40,500 

Roof .. .. .. .. .. 126,000 

208,500 

If the heating is needed for 60 hours a week for a bottled output of 400 barrels 
per week the heating requirements for the bottling dept, will be 

208,500 X 60 T». /l. 1111 

= 3i> 275 Btu/barrel bottled. 

400 

627 . BOTTLING HEAT REQUIREMENTS. We must convert all the 
bottling heat requirements from terms of bottled barrels to total barrels by taking 
40 per cent, of each item thus :— 

Btu per barrel Btu per barrel 
bottled brewed 


Refrigeration- 

-Heat removed 

10,200 


4,080 



Power input . . 
Heat to cooling 

6,360 


2.540 



water 

16,560 


6,620 


Bottle washing 

.. 


6,400 


2,560 

Pasteurising 

Cooling 

44,880 

55.050 

17.950 

22,020 

Space heating 

.. 


31.275 


12,510 


37,090 Btu/barrel 
. brewed. 

The bottling department is shown in terms of brewed barrels in Fig. 361. 
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628 . TOTAL MAXIMUM HEAT REQUIREMENTS. We can take the 
items from Figs. 358 and 361 and build up the Sankey diagram, Fig. 362. 


Mashing liquor .. .. . 

23.970 

Copper (+ flash loss) 

37.945 

Adjusting liquor .. 

21,075 

Space heating brewery .. 

29.750 

Cask washing 

36,990 

Cask steaming 

5.760 

General washing .. 

2.350 

Bottle washing 

2,560 

Pasteurising 

22,020 

Space heating bottle department.. 

12,510 


194,930 Btu/barrel brewed 


If we take the not very ambitious figure of 65 per cent, for reasonable 
boiler efficiency, the total maximum heat input to the brewery should be 

~ coal. 

246 



148 

bottled beer 

58®F(930) 


VENTI LATION 
(2520) 



FIO. 361. BOTTLING FLOW DIAGRAM PER BARREL BREWED WITH 40 PER CENT. 

BOTTLED 
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i. 362. MAXIMUM THEORETICAL HEAT REQUIREMENTS OF BREWERY WITHOUT HEAT RECOVERY WITH 40 PER CENT. BO' 


THE HEAT BALANCE §628-629 

If we take the coal at 12,000 Btu/lb. the coal consumption should be 
25 lb./barrel. 

Fig. 357 tells us that the brewery was using 40 Ib./barrel. 

Fig. 362 shows these maximum heat requirements in the inimitable way 
that nothing but a Sankey diagram can. While we have called the heat 
requirements “ Maximum ”, they include no radiation losses other than those 
needed for space heating. There are no provisions for reprocessing, etc. 
They omit certain small steam users—^sugar-dissolving, etc. 

But the picture shows the essential processes done in the most extravagant 
way with no attempt at heat recovery. In spite of the fact that the brewery in 
question does do quite a lot of heat recovery, it is using 60 per cent, more coal 
than can be accounted for. 


629 * HEAT RECOVERY. We will now investigate the conditions when 
doing the greatest possible amount of heat recovery, using the same processes 
as are shown in Figs. 358, 361 and 362. 

Let us write down our low temperature requirements and our possible 
sources of recoverable heat. 



Lb. 

Requirements : 


Mash liquor 

224 

Adjusting liquor .. 
Cask washing 

General washing . . 

185 

270 

22 

Waste heat sources : 

701 

Copper vapour 

Frig, water 

23 

• • 494 

Fermentation water 

608 

Refrigerator water 

246 


Copper condensate flash .. 2 


Temp. 

Heat 


°F 

160 

Btu 

J 

fMax. 180® F., 

23>97o^ 

l^Min. 155° F. 

167 

21,075 


190 

36,990 


160 

2,350 



84>385 


212 

25.970 


130 

38,040 

Min. below 130° F, 

63 

6,080^ 

fMax. 65® F., 
[^Min. 55° F. 

80 

6,620 

Max. 80® F. 

212 

2,490 



79,200 

We want 701 lb. of water heated to various temperatures. Let us put all 
this water through the fermenting vessel at temperating coils and see how 
things go. 

Fig- 363 shows the lay-out. 

If all the 701 lb. of water is put through the fermenting cooler coil it emerges 
at a temperature of 62° F. 

The 185 lb. of gravity-adjusting liquor is then put through the cool end of 
the frig. 
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As this water enters the frig, at 62° F. we must do the final frig, cooling 
with additional cold water which must be run to waste as there is no use 
for it. We will assume that we can heat 185 lb. to 70° F. in the frig. 

This adjusting liquor is then passed through a surface condenser attached 
to the copper, where it picks up 17,925 Btu and is raised to sterilising tempera¬ 
ture—about 167® F. 

The remaining 516 lb. of water from the fermenting cooler goes to the 
ammonia condenser of the refrigerator where it is heated to 74° F. 
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FIG. 363. BREWERY FLOW DIAGRAM WITH HEAT RECOVERY WITHOUT ANY 
ALTERATION TO PROCESS TECHNIQUE 







THE HEAT BALANCE 


§629 

It is then passed through the hot end of the frig, and is heated to 142® F. 
(Fig. 357 tells us that frig, water is at times heated to 150° F., so this is within 
practical limitations.) 

Now we want 224 lb. at an average temperature of 160° F. for the mash ; 
some of this liquor is needed at 180° F. 

If 516 lb. contain 45,990 Btu leaving the frig., 

224 lb. will contain 19,970 Btu, or 89 Btu/lb. 

Now we want our 224 lb. to contain 23,970 Btu. and some must be at 
180® F. and contain 180 — 53 = 127 Btu/lb. 

Let X be the amount of liquor at 180^ F. 

So 127^ + (224 — A-) 89 == 23,970 
38.x* = 4,035 

X = 106 lb. 

We therefore pass 106 lb. through another surface condenser on the copper 
vapour and heat this up to 180° F. The remaining 118 lb. is passed direct to 
the mashing department at 142° F. By suitable mixing the desired mashing 
temperatures can be achieved. 

The 270 lb. of cask washing water are passed through another surface 
condenser to condense the remaining copper vapour and the flash steam from 
the copper condensate, thus raising the wash water temperature to 166° F. 

We shall need 12,545 Btu of steam heat to heat up the washing waters to 
the needed temperatures and to steam the casks. 

Fig. 363 shows three separate surface condensers on the copper vapour. 
These could of course be combined into one condenser with three separate 
water passes. 

We now have the following steam heat inputs :— 


Copper .. .. .. .. .. 44,460 

Pasteuriser .. .. .. .. .. 22,020 

Washing and steaming .. .. .. 12,545 

Bottle washer.. .. .. .. .. 2,560 

Space heating .. .. .. .. 42,260 


123,845 

Less the returned condensate containing ,. 6,515 

Total steam heat needed .. .. .. 117)330 Btu/barrel 

The steam heat requirement without any heat recovery was 194,930 Btu/ 
barrel. Recovery of good waste heat shows a saving of 40 per cent. 

It is not suggested that this would be obtained in practice. The extra 
heat recovering plant would incur greater heat losses than the straight wasteful 
process. We might hazard a guess that if the reasonable losses arc 15 per cent. 
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without heat recovery, they should not be more than 20 per cent, with heat 
recovery. The comparison then would be 

Without heat recovery .. 194,930 +15 per cent. = 224,170 Btu 
With heat recovery .. 117,335 + 20 per cent. «= 140,800 „ 

A saving of 38 per cent. 

Suppose that we can only secure two-thirds of this, it is well worth capturing. 

This heat recovery system is shown as a Sankey diagram in Fig. 364. 

630 . OTHER POSSIBILITIES—STERILISATION. Some brewers con¬ 
sider that it is not necessary to sterilise the liquor with heat, but that completely 
satisfactory sterilisation can be obtained cold with ozone. This would seem to 
be an excellent method of heat saving. So it would be if the brewery were 
doing no heat recovery. If, however, all or most of the heat was being recovered 
from the frig, nothing is gained from cold sterilisation. Some 20,000 Btu less 
would be put into the frig, and some 20,000 Btu less are available for recovery. 

631 . OTHER POSSIBILITIES—COPPER VAPOUR. Some brewers 
consider that actual evaporation in the copper is unnecessary, and that heating 
under slight pressure with adequate mechanical circulation will do all that is 
wanted. Here again it would seem that there is a possible saving of some 
25,000 Btu. But if the vapour heat is all being recovered there is no saving. 
The steam that was saved from the copper will have to be used direct on the 
materials that were being heated by the copper vapour. 

So here is an excellent example of the fundamental fact that the heat 
requirements of any process are primarily based on the essential sensible heating. 
There is no gain in saving an evaporating operation if the heat in the evaporated 
vapour is being recovered. 

But this is not quite the whole story. Heat recovery calls for plant, some of 
it expensive plant. Heat recovery means not only more capital cost but more 
maintenance, more complicated process operation, more radiation losses, and, 
in a brewery, something else to keep sterile. 

So we can say that it is always a good thing to cut out a process, even if the 
heat is being recovered, and to replace it by using direct steam elsewhere to 
replace the recovered heat. But this rule must be always accompanied by the 
postulate that the direct steam used is taking the place of direct steam saved 
elsewhere. 

632 . OTHER POSSIBILITIES—THE REJECT HEAT. If we look at 
Fig. 364 we see that there are two major heat rejectors. The boiler house 
flue gases and cask washing water. By means of a heat exchanger we could 
probably recover half the heat in the cask-washing water. This would heat 
the cold water for cask washing up to about 120° F., quite warm enough to 
feed into an economiser without risk of causing condensation of the flue gases. 
If an economiser is already fitted to the boiler we could add a sub-economiser. 

The general washing water can be similarly treated. 

As regards cask steaming, some brewers line their barrels with wax or 
enamel, thus enabling them to dispense with steaming, as good washing will 
completely clean the casks. 
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633 . BOGEY. In order to ascertain bogey for this brewery—that is the 
reasonable target minimum heat requirements—^we will assume that we can do 
all the following things :— 

Work continuously on three shifts. 

Use pressure heating in the copper without evaporation. 

Prevent flash from the hopped wort by cooling the wort in the copper 
before relieving the pressure, with warm liquor. 

Use cold-sterilisation. 

Use a heat exchanger on cask washing water. 

Cut out cask steaming. 

Heat cask washing and general liquor in a sub-economiser. 

Use covered mash tuns, hop backs, etc., all properly lagged. 

This will give us the minimum heat usage for known technique and is 
shown in Fig. 365. 

The working out will not be shown in detail ; a few points only will be 
dealt with. 

As we are going to use heat exchange in the frig, to the greatest possible 
extent, we must lose no unnecessary heat by radiation from the hop back and 
the jack back. These and all the other plant must be properly lagged and 
covered. 

As the copper must be well heated to ensure equivalent performance to 
that given by boiling, it is assumed that its contents are heated to 230° F. under 
a pressure of 6 psi. When the pressure is released there would be some flash 
evaporation. Before the pressure is released the hopped wort can be cooled 
by the addition of cold or tepid liquor, which will replace some of the adjusting 
liquor that must anyhow be added later. 

It has been assumed that the low temperature end of the frig, will call for 
a waste of 1,000 Btu. 

It may be better to replace the frig, with a multipass heat exchanger or 
Paraflow which can give a more effective heat exchange. 

It has been assumed that we can pick up about 13,000 Btu from the cask 
washings heat exchanger. This is only a 35 per cent, recovery—a conservative 
figure. 

A small heat exchanger is fitted to recover the flash from the copper heating 
condensate. 

This leaves only 14,740 Btu to be provided by the sub-economiser, which 
should be easily managed. If the boiler efficiency is assumed to be 70 per cent., 
the saving of 14,740 Btu in the sub-economiser will increase the boiler efficiency to 
81 per cent. This is by no means an unreasonable bogey with a good Lancashire 
boiler plant and a sub-economiser which accepts water at 145'' F. and heats 
it only to 190® F. 

Fig. 366 shows this ideal brewery as a Sankey diagram, in which about 
20 per cent, extra process heat has been allowed for reasonable unavoidable 
losses and to provide for the small processes that have so far been ignored. 
This 20 per cent, must also cover the banking losses and the starting and 
stopping losses. This may not be enough. 

634 



THE HEAT BALANCE 


§633 


224 

I6OOF 



FJO. 365. BREWERY FLOW DIAGRAM WITH BOGEY HEAT REQUIREMENTS 

TECHNIQUE ALTERED 
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Wc have now found bogey for a small brewery brewing a particular kind 
of beer, doing 40 per cent, of its trade in bottles and taking winter conditions. 


The amount of steam heat needed is :— 

Btuj barrel 

Copper (less condensate) . 

16,765 

Space heating 

42,260 

Pasteuriser 

22,020 

Bottle washer 

2,560 


83,605 

Plus 20 per cent, for losses and sundries, say 

16,395 


100,000 

Coal—boiler efficiency, 70 per cent. 

1425855 Btu/barrel. 

Bogey coal consumption 

12 lb./barrel 

In summer of course all the space heating heat requirements disappear ; 
this will make a big reduction in bogey. On the other hand there may be 

considerably more refrigeration to be done in summer. 

In a process factory it 

is seldom reasonable to have different botreys for summer and winter. 

All the heat recovery that has been considered is 

only realisable if the 

brewery works continuously. But why not work continuously ? For the same 
output the brewery would only need to be a little more than a third of the size. 
A few breweries work continuously, but the majority work day-work only. 
Brewing is one of the processes that cries out for continuous operation. 

634 . ACTUAL CONDITIONS. Now the brewery whose conditions were 
set out in Fig. 357 is doing quite a lot of heat recovery yet it is using 40 lb. 

coal/barrel. It condenses its copper vapour in its cask washing water. It 
uses its frig, cooling water for mashing. It sterilises its liquor cold. Fig. 367 

shows the arrangement of its process. 


The steam heat demand for all its major processes 

is :— 

Mashing liquor 

4,480 

Copper .. 

• • 44.460 

Cask washing .. 

.. 12,980 

Cask steaming, say 

5,760 

General washing 

390 

Pasteuriser 

22,020 

Bottle washer .. 

2,560 

Space heating—^Brewery 

• • 29.750 

Bottlery 

.. 12,510 


i34>9io Btu/barrel. 


These arc the steam heat requirements. By inspection of the boiler house 
we estimate that the boiler efficiency is about 63 per cent. 

We can now construct Fig. 368 which is the Sankey diagram of this brewery. 
Like nearly all first factory heat balances it is a sorry looking picture. Out of 
302,400 steam heat units we can only account for 134,910 or 45 per cent. 
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FIG. 367. FLOW DIAGRAM OF ACTUAL BREWERY 
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FIG, 368. HEAT DISTRIBUTION IN ACTUAL BREWERY 







§634-635 the efficient use of steam: chap. 20 

In this brewery 55 per cent, of the steam is going about its private business 
unknown to the management. It is up to the management to find out what 
these private affairs are, always provided it is worth while. The brewer’s 
primary preoccupation is the quality of his beer. Provided quality control can 
be maintained a steam campaign is probably well worth while. It is quite a big 
money saver, which goes on and on and gives a good reserve against bad times. 

It is probably not beyond practical possibilities to reduce the unknown steam 
to half the known steam. On closer investigation some of the unknown will 
receive promotion into the known. But because it is known that does not mean 
it need be used, although we know that some small processes were omitted. 
Do these small processes require steam ? Why is steam needed to dissolve 
sugar ? Because the sugar that is being used is in the wrong form. 

Suppose that on a really close examination the known heat goes up from 
125,905 to 150,000—this is a very generous supposition—and that the brewer 
will not be satisfied until his known steam consumption accounts for at least 
75 per cent, of the whole. This would reduce his total steam requirements to 
200,000 Btu/barrel. 

He will during his heat campaign certainly screw up his boiler efficiency 
from 63 per cent, to 65 per cent. His coal heat requirements will be 307,700 Btu 
giving a coal consumption of 25-6 lb./barrel. This shows a saving of over 
14 lb./barrel or GJ tons per week. Small breweries generally have no railway 
or canal facilities and their coal is expensive. The brewery whose data is set 
out in Fig. 357 was paying 60s. odd for its coal in 1944, so that a coal saving such 
as has just been indicated would represent ;(^i,ooo a year. 

As the investigation proceeds Fig. 368 will be amplified. It will probably 
become much more complicated. This does not matter at all. Complication 
in the picture can be overcome by the use of brightly coloured chalks or water 
colours to differentiate between steam, water, wort, etc. 

All the refinements due to the different qualities can be allowed for. It may 
be desirable to draw one picture for the conynon-to-all processes, and others for 
each different quality. These can then all be combined finally on to one accur¬ 
ate diagram. 

635 . POWER REQUIREMENTS, Fig, 357 gives the power load as 7,000 
kWh per week or 7 kWh/barrel. 

During working hours, 6.0 a.m. to 5.0 p.m., 55 hours, 1,000 barrels are 
brewed, or 18 barrels/hr. 

The load therefore is 126 kW on a brewing-hour basis. 

Now in the bogey brewery 100,000 Btu of steam at 25 psi are needed. 

The total heat in 25 psi steam is 1,170, and the net heat above 53° F. is 
1,149 Btu/lb. 

The steam used will be = 1,567 lb./hr. 

If we raised steam at 200 psi. Table X tells us that we could expect about 
480 H.P. from an ideal engine taking 10,000 Ib./hr. This would be 75 H.P. 
from an ideal engine taking 1,567 lb./hr. 

640 



THE HEAT BALANCE 


§ 635-636 


The efficiency ratio of 66 per cent, given in Table X could not be expected 
from such a small machine. 50 to 55 per cent, is more likely. 

So that in a bogey brewery we could not expect to generate more than about 
30 kWp It might not be worth while installing an electrical generating plant 
which could only provide quite a small part of the power needs, but it would 
certainly both pay and be nationally economic to drive the refrigerator by a 
steam engine. 


The brewery is, however, nowhere near bogey. However hard it tries it will 
not approach bogey for 5 years or so. Let us take its present steam consumption. 
It is using 480,000 Btu/barrel of coal heat. At 60 per cent, boiler efficiency 
this will give a steam heat of 288,000 Btu/barrel. The quantity of steam will 


be 


288,000 X 18 

.149 


= 4,500 lb./hr. 


If this amount is raised at 200 psi, we can expect an ideal H.P. of 216 and 
we can hope for an efficiency ratio of 60 per cent. We could therefore produce 
97 IcW. 

This is quite a big proportion of the load, and it would probably be well 
worth while installing an engine and generator to produce this load and to 
purchase the requirements of one department, say the bottlery, from the public 
supply. 

There would seem however to be no very good reason for using steam at 
25 to 30 psi. A little modification of heating surfaces might allow 10 psi. 
to work quite satisfactorily. We could then generate 127 kW--just exaedy 
the present load. 

But this postulates that the brewer is content to keep his thermal socks in 
folds around his ankles. If he greatly reduces his steam consumption he 
eliminates the possibility of being able to generate the whole of his own power. 


So here is another good example of the way in which the power/steam ratio 
deteriorates as the thermal efficiency improves. 


However, because a good brewery cannot possibly hope to generate all its 
own power is no reason why it should not generate some. The question of 
sharing load between the brewery generating plant and the outside supply is 
discussed in Section 804. 


636 . BREWERY DISCUSSION. The brewery that we have been considering 
uses 40 lb. coal/barrel. At 6oj. per ton for coal this represents i/id per barrel. 
If the consumption of coal could be reduced by half, the saving w^ould amount 
to 3(^1,300 a year. One large London brewery has cut its coal consumption by 
more than half over ten years, so the target is not unreasonable, and the plan 
would not be very costly. 

The brewer’s chief preoccupations are the flavour, colour, brightness and 
keeping properties of his beer. He is very chary of making any change however 
economical if any of these qualities might be affected. The technique suggested 
in Fig. 366 does postulate a change in process to which he might take exception. 
On the other hand there is no process change in the arrangement shown in 
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Fig. 364, in fact the copper vapour has been condensed in a surface heater so 
that no hop oils or other volatiles can be absorbed by the heated water. 

All the Sankey diagrams of the brewery show how extravagant in heat the 
bottling process is. Take the figures from Fig. 366 :— 

The heat requirements for bulk beer are 


Process steam (less condensate) 

BtujBarrel 
■ ■ 16,765 

Sub-economiser 

• • 14.740 

Space heating .. 

• • 29,750 


61,255 


The heat requirements for bottling only are 



BtujBarrel 

Washing 

2,560 

Pasteurising 

22,020 

Space heating 

. . 12,510 


37,090 for 40 per cent. 

This becomes 

92,725 for 100 per cent. 


Therefore, bottling adds 150 per cent, to the bulk beer heat requirements, 
of which pasteurising is responsible for three-fifths. 

We see in the brewery, as in the laundry, that spaee heating is the biggest 
single heat user. In the design of the average factory building the question 
of loss of heat from the building is seldom considered. The single storey light 
roof modern building is a great offender. By lining the roof with fibreboard 
a very large and lasting economy can be cheaply made and the resulting 
building will be much more comfortable to work in. Similarly, the venting 
of steam, or gas or smells is too often done by greatly increasing the general 
ventilation causing a huge air current through the factory and all this air must 
be heated. If the steam, gas or what-not is removed locally it is often possible 
to secure another great and lasting saving. 

Objection may be taken to the brewery that has been discussed because 
it is somewhat unorthodox, and because some of the suggestions in the foregoing 
sections are still more unorthodox. A bogey has therefore been worked out for 
a brewery, using orthodox methods, doing only one brew per day, having no 
cool well water available, doing hot liquor sterilisation, brewing only strong 
beer, evaporating 12 per cent, in the copper, allowing over-generous heat 
losses, but doing no bottling. 'I’he process is shown in Fig. 368a and its details 
are as follows :— 

All mashing liquor raised to 212® F. No breakdown or dilution. Liquor 
from Mains at 65° F. Unlined casks. 

Space Heating Requirements .. .. .. 30,000 Btu/Barrel 

Available heat losses .. .. 33,730 ,, „ 

Process .. i Brewing of 200 barrels/day. 
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The whole liquor input goes through the refrigerator condenser and flows 
only when the refrigerator is running. 

The refrigerator runs intermittently during most of the 24 hours to maintain 
the chill on the attemperating liquor which cools the fermenting vessel. (The 
chilled liquor tank is not shown.) When wort is being cooled in the paraflow 
or heat exchanger the refrigerator runs continuously. 

The liquor enters the brewery at 65® F. and picks up 18® F. from the 
refrigerator, which thus runs as a heat pump. 

From the refrigerator condenser the liquor runs to the tepid liquor tank 
A which has a capacity of 430 barrels (20 hours). 

From the tepid liquor tank A the washing water is pumped through 
the spray condenser G while the copper is boiling into the wash tank F. 
Tank F must have a capacity of about 23 hours or 250 barrels. At its high 
temperature of over 200® F. its heat loss will call for a little steam heat. 

From the tepid liquor tank A the mashing liquor runs through the wort 
paraflow into the w'arm liquor tank B which can be quite small as it is only 
a pump supply tank. 

From tank B the mashing liquor is pumped through the liquor paraflow or 
heat exchanger into the hot liquor tank C. Tank G is quite small, being 
simply large enough to accommodate the necessary heating surface. In tank 
C the liquor is brought to 212® F. and runs back through the liquor paraflow, 
giving up much of its heat to the incoming warm liquor. 

From the paraflow the liquor goes to the mashing liquor tanks D and E 
where it remains until required for mashing. 

The liquor in tank D is brought to 180® F. and its heat loss made good by 
the condensate coil which cools the condensate from the copper and tank 
C, thereby avoiding the need for any flash collection system. 

Tanks D and E must be full mashing capacity, or 150 barrels each. 

After the week-end stop the liquor in tanks D and E will be too cool for 
Monday’s mash. So valves P2 and P3 are closed, valve Pi is opened and 
pump P is started, the liquor is then circulated through tank G until it has 
been sufficiently heated. 

Heat losses .. For lagged surfaces 0-5 Btu/sq. ft./® F./hr. 

For bare surfaces 2*0 Btu/sq. ft./® F./hr. 

In order to be very conservative and to allow for 
too great a heat loss, the initial temperature differences 
will be taken, not the diminishing temperature difference 
as discussed in Section 464. 

Tank A .. 20 hours capacity is 2,400 cu. ft. 

2 tanks each 8 ft. x 8 ft. x 20 ft. give 2,560 cu. ft. 
Lagged surface = 768 sq. ft. each. 

Temperature difference : 20® F. for 24 hours. 

Total loss : 368,000 Btu/Day or 1,843 Btu/Barrcl. 
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Tank C .. t hour capacity is 70 cu. ft. 

1 tank 4 ft. X 4 ft. X 6 ft. = 96 cu. ft. 

Lagged surface : 128 sq. ft. 

Temperature difference : 150° F. for 6 hours. 

Total loss : 57,600 Btu/Day or 288 Btu/Barrel. 

Add about 200 per cent, for rapid circulation : 
830 Btu/Barrel. 

Tanks D and E. Mashing capacity Half each or 832 cu. ft. 

Each tank 6 ft. X 8 ft. x 18 ft. = 860 cu. ft. 

Lagged surface : 600 sq. ft. each. 

Temperature difference : 

Tank “D” 120° F. , 

Tank “E” 8o° F. hours. 

Total loss : 

Tank “ D ” 720,000 Btu/Day or 3,600 Btu/Barrel. 
Tank “ E ” 480,000 Btu/Day or 2,400 Btu/Barrcl. 
Tank F . . 24 hour capacity is i ,380 cu. ft. 

2 tanks each 8 ft. X 8 ft. x 12 ft. give 1,540 cu. ft. 
Lagged surface : 512 sq. ft. each. 

Temperature difference : 145° F. for 22 hours. 

Total loss : 1,633,280 Btu/Day or 8,166 Btu/Barrel. 

Copper .. Capacity ; 450 Barrek or 2,600 cu. ft. 

12 ft. diameter or 20 ft. high over cylindrical part. 
Surface of dome : 230 sq. ft. 

Surface of rest : 900 sq. ft. 

Heat loss of bare dome : 2 Btu/sq. ft./° F./hr. 
Temperature difference : 150® F. for 3J hours. 
Total loss : 

Bare dome 241,500 Btu/Day or 1,210 Btu/ 
Barrel. 

Rest 236,250 Btu/Day or 1,180 Btu/Barrel. 
Total : 2,390 Btu/Barrel. 

By lagging the dome the copper steam con¬ 
sumption would be reduced by i lb./Barrel, and 
the copper heat loss would be reduced to about 
1,460 Btu/Barrel. 

Remaining vessels have had losses apportioned on basis of the foregoing 
allowing a good margin for pipe losses. 

Power Generation .—^The steam requirements are so small and irregular that 
it would be out of the question to try to generate any power. 

Steam requirements .. .. 106 Ib./Barrdi 

Coal needed at 70 per cent, boiler efficiency.. 13 lb./Barrel 

Add 33 per cent, for banking and week-end .. 17^ lb./Barrel 
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637. FOOD EXTRACT. The object of including this example is fourfold. 
First, because it shows that a plant that seems very efficient according to certain 
lights may prove to be very inefficient if the lights are changed. Second, 
because the main part of the process is evaporation—as distinct from drying— 
and evaporation is more of a science than an art. Third, because it shows how 
technique from one industry can often be adapted to another if only the 
knowledge of the goings-on in other industries were more generally sought. 
Fourth, because it shows what a tremendous amount of information can be 
extracted from apparently meagre data. 

The visit to the factory was brief and figures for the main processes only 
were taken. I’hc omission of details for the other processes makes no difference 
to the main argument as will be seen. 

The product is a syrupy extract containing 17 per cent, of water and amounts 
to 290 tons a week. 

The raw material is 440 tons of meal a week containing 15 per cent, of 
moisture. 

The exhausted meal leaves the process with 60 per cent, of water. 

It is dried by steam-heated hot air down to 11 per cent, moisture and then 
weighs 133 tons per week, and is sold for cattle food. 

The factory has five Lancashire boilers, two of which are fitted with 
economisers. 

Inspection of the boiler plant suggests that, though the plant is well cared 
for, its efficiency is unlikely to reach 65 per cent. 

The steam pressure is 120 psi.g. 

The steam is passed through engines, reputed to use 35 lb./kWh, and 
exhausts to process at 8 psi.g. 

The electrical load is 500 kW. 

The coal, of good quality, burnt per week is 210 tons. 

The condensate return system is excellent, but all the flash is lost. 

The hours worked are 96 per w^eek. 

Both double effect evaporators work under the same vacua, namely 15 in. 
and 27 in. 

638. PROCESS. The meal is steeped in water at about 150^^ F. 

The thin extract is run off, chemically treated, clarified and filtered. It 
then contains an average of 72 per cent, of water. 

The thin extract is preconcentrated in a double effect evaporator to 52 per 
cent, of water. 

Process washings at about 170° F. and containing about 93 per cent, of 
water are thickened up to 72 per cent, water in a double effect evaporator, 
and are then mixed with the thin extract. 

The amount of washings is unknown, but a rough measurement of the 
condensate from the first effect of the washings evaporator gave 3,500 lb, 
condensate /hour. 
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The preconcentrated extract is finally concentrated to 17 per cent, water 
in a single effect evaporator. 

Rough particulars of the size and construction of the main buildings were 
taken. 

639 . ELABORATION OF DATA. Now that is all the data we possess. Let 
us elaborate it to the utmost and see how much information we really have got. 
We will base all figures on i lb. of extract solids as this will avoid all kinds of 
complications. 

PER WEEK 



Sample 

Per cent. 

Water 

Solids 


tons 

water 

tons 

tons 

Raw material 

440 

15 

66 

374 

Extract 

290 

17 

49 

241 

Dried meal 

^33 

11 

15 

118 


640 . CONCENTRATION OF WASHINGS. We can solve the double effect 
evaporator problem with only one known quantity with the aid of Fig. 369. 
We know the vacua in the two effects and wc knotv the input steam pressure. 
Boiling point elevation, which will be very small in this operation, will be ignored. 



FIG. 369. DOUBLE EFFECT WASHINGS EVAPORATOR—ANALYSIS 


The condensate from the first body was 3,500 lb./hr. Table IV tells us 
that 8 psi condensate will lose 2*37 per cent, when its pressure is reduced to 
atmospheric. As the steam was almost certainly more than 2-37 per cent, 
wet, we can ignore quite safely the loss by flash. 

The steam input must therefore be 3,500 Ib./hr at 8 psi.g. containing 
Total heat 3,500 x 1,159 = 4,056,500 Btu 

Latent heat 3,500 X 956 3,346,000 „ 

Sensible heat 3,500 X 203 = 710,500 „ 

Only the latent heat is used. The condensate carries away all the sensible 
heat. 

The feed is x and contains • 93A; of water and • 07X of solids. The specific 
heat of the solids is taken at *25, 
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The feed is at 170® F. and therefore contains 

in the water -93* x 138 = i28 -34ArBtu 

in the solids ‘O'jx X *25 X 138 == 2‘4i5« 

(As we do not yet know the magnitude of things we will compromise by taking 
four or five significant figures.) 

Before evaporation can begin, the feed must be heated to the boiling 
temperature 179° F. 

This calls for 

• 93 * X 9\8-5275JcBtu 
•25 X ^o^x X 9/ 

The heat available for evaporation is therefore 3,346,000 — 8-5275X. 

Each pound of 15-in. vapour calls for 991 Btu of latent heat. 

The evaporation will be 

3,346,000 - 8-5275Ar 


3.376 


• oo 86 a : = A 


991 

This vapour will contain 

Latent heat = 3,346,000 — 8-52754: 

A X 1,138 Total heat = 3,842,000 — 9-78684: 

Sensible heat by difference = 496,000 — i - 25934: 

The sensible heat goes out of the second effect heating surface as condensate. 
The feed to the second body consists of 

'93'* ~ 3376 + *00864; = -93864: — 3,376 lb. of water 
and -074: lb. of solids 

containing (-93864: — 3,376) 147 = 137-97424: — 496,272 Btu 


+ 'oyx X -25 X 147 

Check across the first effect 

Weight 
In 


2 -57254: Btu 


Heat 


Out 


3.500 


•93^ 

-074: 

4.056,500 


128-3404: 

2-4154: 

3.500 

+ 

X 

4.056,500 

+ 

130*755^ 

+ 3.376 


• 00864: 

-1- 3,842,000 

_ 

9 - 78684: 

- 3.376 

+ 

•93864: 

- 496,272 

+ 

137-97424: 

-i- 3.500 

+ 

- 07004: 

-f 710,500 

+ 

2-57254: 

3.500 

+ 

X 

4,056,228 

+ 

130-7599* 


The small discrepancies are clearly of no importance. 

The output from the second body is to be 72 per cent, water and 28 per 
cent, solids. 
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The input to the first body contained 93 per cent, water and 7 per cent, 
solids. 

The output from the second body will be 18 parts water and 7 parts solids. 
The output weight will be - i8x water and -o^x solids. 

At 27 in. vacuum the sensible heat is 83 Btu/lb. so that the concentrated 
washings will contain 

in the water •i8a:x 83 = 14 •94X Btu/lb. 

in the solids *25 X *07^: x 83 = i *4525;^^ Btu/lb. 


The heat input to the second effect is 

Btu 

Vapour 

Feed .. 

3,842,000 — 9-78684: 

- — 496.272 4 -i 37 ' 9742 '»f 


3.345.728 4-128-18744: 

The known heat output is 

Condensate . . 

Thick washings water 

Thick washings solids 

496,000 — 1-25934: 

4- 14-94004: 

+ I 4525* 


496,000 4- 15-13324; 

Therefore the heat in the second effect 

vapour is 

2,849,728 4-113* 0542* Btu 

This figure divided by 1,112 (the total heat in 27-in. vapour) gives the 
weight of the second effect evaporation, or 2,563 + • 1017^ lb. 

We can now take a balance over the second effect and can equate for x 

Weight 

Heat 

In -(- 3,376 — -00864: 

— 3.376 4 - -93864: 

+ -07004: 

4-3,842,000 — 9-78684: 

— 496.272 4-137-97424; 

4 - 2-57254: 

X 

3.345.728 4-130-7599* 

Out + 2,563 4- -10174; 

+ 3.376 — -00864: 

4- -18004: 

4- -07004: 

4-2,849,728 4-113 05424: 

4- 496,000 — I - 26424: 

+ 14-9503* 

4 - 1-4525* 

5.939 + -3431-* 

3.345.728 4-128-19284: 


* = 5.939 + -343** 

•6569 * = 5,939 


X — 9,041 lb, 
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The discrepancy on the heat balance can now be valued and amounts to 
(130*7599 — 128*1928) 9,041 = 23,209 
on a total of roughly 

3,346,000 + (130 X 9,000) = 4,516,000 

Just over J per cent. The value of x is therefore quite near enough. 

The washings amount to 9,041 lb./hr. 

The weekly output of extract solids is 241 tons in 96 hours 

or 241 X 2,240 ^ „ ,, 

— -= 5.623 Ib./hr. 

96 

In order to get the washings evaporator in terms of one pound of extract 
solids all we have to do is to substitute 9,041 for x in Fig. 369 and divide by 
5,623. This has been done and the result is given in Fig. 370. 



FIG. 370. DOUBLE EFFECT WASHINGS EVAPORATOR-SOLUTION 


It will always be necessary to adjust the figures by i or 2 in the last figure 
to get the diagram to tie up. This is because the steam tables are only 
approximate and because our first analysis was an approximation only. Such 
cookery is of no significance. Thus the first substitution for x gives a heat 
input into the first effect of 932 and an output of 930. We therefore add 2 to 
the output in such a way as not to improve matters, namely by adding it to the 
flash that is lost. Similarly in the second effect we put the tie-up adjustments 
on to the reject vapour. 

641. PRECONCENTRATION OF EXTRACT. This is done in a double 
effect evaporator working under the same pressure conditions as that used for 
the washings. The input consists of thin extract and thickened washings. 
Their composition is :— 

72 per cent, water and 28 per cent, solids 
2*571 lb. water and i lb. solids. 
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Total 3*571 Ib./lb.E.S. (E.S. stands for extract solids.) 

Of this *404 lb. is thickened washings, so that 3*167 lb. is thin extract, 
of which 2 • 280 lb. is water and • 887 lb. is solids. 

The thin extract and the thickened washings can be assumed to enter the 
evaporator at 110° F. 



FIG. 371. DOUBLE EFFECT EXTRACT PRECONCENTRATOR-ANALYSIS 


We can now construct Fig. 371, 

In Fig. 369 we knew the quantity of input steam and had to find the amount 
of input washings. In Fig. 371 we know the amount of the feed and must find 
the amount of steam required. We will work the analysis out in detail in 
the remainder of this Section. 

The input feed will contain 

2*571 X (110 — 32) = 201 Btu 
I X *25 X (no — 32) = 20 „ 

221 „ 

The output at 115° F. consists of 52 per cent, water and 48 per cent, solids 
or I *083 lb. water and i lb. solids (Sections 637 and 638) 

containing i *083 X (115 — 32) == 90 Btu 
and IX *25 X {115 — 3 ^) = 21 „ 


Before any evaporation can start the feed must be heated from 110° F. to 
179® F., calling for :— 

2*571 X (179—no) = 177 Btu 
IX *25 X (179- no) = 17 » 

194 Btu 

If X is the weight of steam fed into the first calandria 
The heat available for evaporation will be 956^ — 194 Btu. 
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This latent heat will be the latent heat of the vapour whose total heat will 
be 

(956. - .M) ...38 _ ^ 

991 .91 


and whose weight will be 


""3 = .965.- 

1,138 


•1961b. 


The feed entering the second effect will be 

2-571 — -965^ + -196 = 2-767 — -965^: 

containing (2-767 — -gSsA:) 147 = 407 — 142A; Btu in the water 

and I X -25 X 147 = 37 Btu in the solids 


Check across first effect 

Weight — lb. 

In X 

3-571 


3-571 + a : 


Out X 

2- 767 — -965* 

I -o 

— -196 + -965X 

3 - 57 > + ^ 


Heat—Btu 

1,159^ 

221 


221 + 1,159* 


203* 

407 — 142* 

37 

— 223 4- 1,098* 
221 + I,I59-»^ 


The heat input to the second effect is 

1,098* — 223 + 407 — 142* + 37 = 956* + 221 Btu 
The heat in the condensate and in the thickened extract must be 


142* — 29 + III = 142* + 82 Btu 
So that the heat in the second effect vapour must be 

956* + 221 — 142* — 82 = 814* -f 139 Btu 


Therefore the weight of reject vapour must be 


814* + 139 

I,II2 


-732* — -125 lb. 


We can now balance over the second effect and equate for *. 


In 


Weight — lb. 

4- -965* — -196 

— -965* 4- 2-767 
+ I -o 


Heat—Btu 
+ 1,098* — 223 

— 142* + 407 

+ 37 


3-571 956* 4- 221 


652 



THE HEAT BALANCE §641 


Out 

+ 

•732* 

+ 

•125 

+ 

00 

+ 

*39 




+ 

1083 



+ 

90 




+ 

I -o 



+ 

21 


+ 

•956^ 

— 

•196 

+ 

I42X 

— 

29 


I 

•688;if 

+ 

2-012 


956* 

+ 

221 


i*688x +2-012 = 3*571 

X = •924*'lb. 

We can now substitute -924 for x and get Fig. 372. 



0*696 

(791) 


STEAM 0-924 

(1071) ' 


2-S7I (201) 9-S7i 
1-000 ( 20 ) ( 221 ) 



0-022 0*924 




0-902 

(163) 


2-67S 

(313) 



FIG. 372. DOUBLE EFFECT EXTRACT PRECONCENTRATOR-^SOLUTION 


The input quantities are 


Steam 

. . 

•924 lb. 

with 1,071 Btu 

Feed .. 


•• 3 - 57 * » 

with 221 „ 


4-495 lb. 1,292 Btu 


The output quantities are 

First condensate 

Flash. 

Second condensate . 
Thickened extract 
Vapour 


•902 lb. 

163 Btu 

•022 „ 

25 » 

•696 „ 

102 „ 

2 083 „ 

III „ 

•792 » 

891 » 

4*495 lb. 

1,292 Btu 


642. CONCENTRATION OF EXTRACT. The final concentration is done 
in single effect at 27 in. vacuum. 

The input thickened liquor has 52 per cent, water and 48 per cent, solids. 
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The concentrated extract must be 17 per cent, water and 83 per cent, solids. 
The feed consists of i *083 lb. water and i *0 lb. solids. 

The output consists of • 205 lb. water and i • o lb. solids. 

The evaporation must be i -083 — *205 = -878 lb. water. 

Say the feed enters at no® F., then it will contain 

I • 083 X 78 = 84 Btu in the water 
I X • 25 X 78 = 20 Btu in the solids 

The boiling point of water at 27 in. vacuum is 115® F. At the high con¬ 
centration of the output extract it will be necessary to allow for boiling point 
elevation. As the solids in the extract are chiefly carbohydrates we can take 
the B.P.E. of sugar solutions as preliminary guides. At 27 in. and 83 per cent, 
solids the B.P.E. of a sugar solution would be 16° F. 

Therefore the solids must be heated to 115 + 16 = 131° F. and the water 
in the output will also be at this temperature. So we can start building up 

Fig- 373 - 



FIG. 373. SINGLE EFFECT FINAL EXTRACT EVAPORATOR 


The output thick extract will contain 

•205 X 99 = 20 Btu in the water 
1*0 X *25 X 99 = 25 Btu in the solids 

The evaporation to be done is 1*083 “ *205 = -878 lb. 

•878 lb. of vapour at 27 in. vacuum contains 977 Btu. 

The difference between the input feed and output extract heats is 
84 + 20 — 45 = 59 Btu. 

The latent heat of the input steam must be 977 — 59 = 918 Btu. 

The weight of the input steam must be = ‘geo lb. 

The total heat of the input steam will be 1,159 ^ *96 = i,i 13 Btu. 
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643 . DRYING EXHAUSTED MEAL. From 374 tons of meal solids 

241 are extracted and go into the finished product 
118 remain in the reject meal 
15 must therefore be lost. 

This shows a processing loss of 4 per cent, on input or 6 • 2 per cent, on output. 
(It might be more important to try to save this loss than to cut the steam 
consumption). 

118 

The solids in the exhausted meal are-= *490 lb./lb. E.S. 

241 

The exhausted meal contains 60 per cent, water and 40 per cent, solids 
or *735 lb. water and *490 lb. solids. 

The dried meal contains 11 per cent, water and 89 per cent, solids or 
•061 lb. water and *490 lb. solids. 

The drying evaporation is -735 — *061 = *674 Ib./lb. E.S. 

The meal is dried in a steam heated drier. The efficiency of these machines 
lies between 20 and 60 per cent. As this was not a very good plant we will 
guess the efficiency at 35 per cent. 

Only the latent heat of the drier input steam will be used. 

We can assume that no heat need be added to the meal solids. 

The water in the meal enters the drier at say 100° F. 

It leaves as vapour with, say, 1,150 Btu/lb. (It is very difficult to estimate 
what the total heat/lb. of vapour will be. It depends on the partial pressure 
of the steam in the steam-air mixture.) 

The heat output will be *674 X 1150 =775 Btu in the vapour. 

•49 X *25 X (100—32) = 8 „ „ „mealsolids. 

and *061 X (100—32) = 4 moisture. 

Total .. .. .. 787 „ 

If the drier is 35 per cent, efficient, the heat input must be 

= 2,248 Btu. 

•35 

The wet meal brings in 

•735 X (100—32) + -49 X -25 X (100—32) = 58 Btu. 

So that the latent heat that must be provided by the input steam will be 

2,248 — 58 = 2,190 Btu. 
or 2,655 Btu of total heat 

and the steam will weigh 2-290 lb. 

Wc can put this information down in Fig. 374. 

644. HEATING RAW MATERIALS. Although we have assumed that the 
exhausted meal leaves at 100° F., it was at one time heated to 150® F. and would 
have been rejected at that temperature had it not been for losses. We will 
assume that it miist be heated from 50° F. to 150° F. 
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Raw material to produce 241 tons of extract solids is 440 tons with 66 tons 
of water and 374 tons solids. 

Raw material to produce i lb. of extract solids is i '826 lb. with 0-274 lb. 
of water and i • 552 lb. solids. 

The heat in the cold raw material at 50® F. is 

(1*552 X 18 X *25) + (-274 X 18) = 12 Btu. 

The heat in the hot meal at 150® F. is 

(1-552 X 118 X.-25) + (-274 X 118) = 78 Btu. 

Heat to be added .. .. .. .. .. 66 Btu/lb. E.S. 




645 . HEATING PROCESS WATER. The process water to be heated must 
consist of all the water that is put out either as liquid or as vapour. We can 


tabulate thus :— 

Dried meal moisture (Fig. 374) .. .. *061 lb. 

Meal drier evaporation (Fig. 374) .. .. *674 „ 

Finished extract water (Fig. 373) .. .. • 205 „ 

Washings evaporation (Fig. 370) .. .. i • 204 „ 

Preconcentrator evaporation (Fig. 372) .. 1*488 „ 

Final evaporation (Fig. 373) .. .. *878 „ 


4*510 Ib./lb. E.S. 

Of this I * 204 lb. must be heated to 170® F. 

needing .. .. .. .. .. 166 Btu. 

and the rest, 3*306 lb. must be heated to 

150® F. needing .. .. .. .. 390 „ 

556 Btu/lb. E.S. 
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The raw meal entered at 

50® F. with .. .. -274 lb. containing 5 Btu. 

The second effect conden¬ 
sate is (Section 647) .. I-I53 „ „ 151 „ 

1-427 „ „ 156 Btu 

The raw cold water must 

be 4-510 — 1-427 = 3-083 lb. „ 55 „ 

211 Btu/lb. £.S. 

The heat needed for water 

heating is 556 — 2ii = 345 Btu/lb. E.S. 


646 . SPACE HEATING. There are three main buildings that require 
heating. They are steel framed, brick panelled buildings with boarded and 
slated roofs. The windows were estimated at 20 per cent, of the walls. The 
smaller packing building is the only one provided with roof lights, estimated 
at 30 per cent. The roofs were very low pitched and could almost be assumed 
to be fiat for area purposes. 

The main building and the packing building only require moderate 
ventilation, but there is a bit of steam in the other building which, for its 
removal, will call for good ventilation. 

Main building— 

120 X 45 X 60 = 324,000 cu. ft. at I Btu/cu. ft./hr. = 324,000 Btu/hr. 

Secondary building— 

85 X 35 X 30 = 89,250 „ „ 2 „ „ = 178,500 „ 

Packing building— 

•’O X 40 X 20 = 56,000 „ „ I „ „ = 56,000 „ 

558,500 Btu/hr 

Walls- 

Brick at 14 Btu/sq. ft./hr. 80 per cent of area. 

Olass ,, 28 „ ,, 20 ,, ,, ,, ,, 

Av . »> t 7 >, >» too „ ,, „ „ 

(120 X 60 X 2) -f (45 X 60 X 2) = 19,800 sq. ft. at 17 
(85 X 30 X 2) + (35 X 30 X 1) = 6,150 „ „ 17 

(70 X 20 X 2) -h (40 X 20 X l) = 3,600 „ „ 17 

502.350 


Btu/hr. 
= 336,600 

= 104,550 

= 6i,20O 
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Roofs— 

Slate on boards at 30 Btu/sq. ft./hr. 

Olass 99 3^ 99 

The lighted roof consists of approximately 30 per cent glass, so that its 
average heat loss can be taken at 32 Btu/sq. ft./hr. 

120 X 45 = 5,400 sq. ft. at 30 = 162,000 Btu/hr. 

85 X 35 = 2,975 „ „ „ 30 == 89,250 

70 X 40 = 2,800 „ „ „ 32 = 89,600 

340,850 Btu/hr. 

Total space heating requirements 

Ventilation .. . . 558,500 Btu/hi. 

Walls . 502,350 

Roofs .. 340,850 ,, 

1,401,700 Btu/hr. 

Space heating will be ^ = say 250 Btu/lb. E.S. 

5.623 

647. CONDENSATE. We have these quantities of condensate from the 
steam from the various users :— 

Washings evaporator (Fig. 370) .. *607 lb. containing 109 Btu. 

Preconcentrator (Fig. 372) . . *902 „ 163 „ 

Final evaporator (Fig. 373) . . . . *937 „ 169 „ 

Meal drier (Fig. 374).2*236 „ 402 „ 

4*682 lb. with 843 Btu. 

Let us assume that the recovery is 90 per cent, effective on quantity and 
74 per cent effective on heat. 

Then we can say that the recovery is 4*214 lb. with 624 Btu. 

The condensate from the second effects may be contaminated and is there¬ 
fore not returned for boiler feed but is used for process. The second effect 
condensate amounts to 

lb. Btu 

Washings evaporator (Fig. 370) . . • 586 containing 87 

Preconcentrator (Fig. 372) . . . . *696 102 

I *282 lb. with 189 Btu. 

Let us assume a 90 per cent, return with 80 per cent, of the heat and 
we get 1-153 lb. with 151 Btu. 

648. BOILERS AND POWER HOUSE. We must assume a boiler efficiency 
as there are no accurate figures available. We will guess, by intelligent observa¬ 
tion, that 63 per cent, is about the mark. 

658 



THE HEAT BALANCE 


§ 648-649 


The coal is pretty good, say 
Goal burnt per week 
Solids extract per week .. 


Coal heat 


210 X 2,240 X 12,000 


241 X 2,240 

At 63 per cent, boiler efficiency the heat put into 
the steam is 


12,000 Btu/lb. 

210 tons 
241 tons 

10,456 Btu/lb. E.S. 
6,587 Btu/lb. E.S. 


In addition to the coal heat put in the boiler there is the heat that comes 
back in the condensate, say 624 Btu/lb. E.S. 


The total steam heat is therefore 6,587 + 624 = 7,211 Btu/lb. E.S. 

The factory management assume that the engines are using 35 lb. steam/kWh 
which they assert is the figure specified by the engine makers. This is extremely 
unlikely as it would call for an efficiency ratio of 75 per cent, which is hardly 
possible on such a small machine. We will assume an efficiency ratio of 65 per 
cent, when the steam consumption becomes 41 lb./kWh. 


The hourly output, see Section 640, is 5,623 lb. E.S. 


The factory load is 500 kW or _ ^04 Btu/lb. E.S. 

The heat in 120 psi saturated steam is 1,193 Btu/lb. 

To produce the needed power calls for a flow through the engine of 

4,350 Btu/Ib. E.S. 

5,623 

The remaining steam must be blown through a reducing valve to the 8 psi 
main and will contain (6,587 + 624) — 4,350 = 2,861 Btu/lb. E.S. 


649. SUMMARY OF DATA. We can now summarise our data which covers 
all the most important processes. 

Btujlb, E,S, 


Estimated heat input in boilers 

(Sect. 648) 

6,587 

Heat in returned condensate .. 

(Sect. 647) 

624 



7,211 

Heating raw material . . 

(Sect. 644) 

66 

Heating process water . . 

(Sect. 645) 

345 

Thickening washings .. 

(Fig. 370) 

722 

Preconcentrating extract 

(Fig. 372) 

1,071 

Final concentration of extract 

(Fig- 373) 

1,113 

Drying meal 

(Fig. 374) 

2,655 

Space heating . . 

(Sect. 646) 

250 

Power 

(Sect. 648) 

304 

Unaccounted for 

.. 

685 


7,211 
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This clearly shows that for all practical purposes we have accounted for all 
the heat, because certain minor processes have been ignored and there are 
banking and shut down losses that have not been taken into account. 

650 . CONSTRUCTION OF DIAGRAM. We can put all our information 
down in the form of a Sankey diagram. Fig. 375. 

A little hanky-panky was necessary to avoid complications between the 
steeping and the preconcentrator. The losses between these processes have 
been carried forward into the drier. 

In view of the admitted roughness of the analysis it comes out remarkably 
well. As the washing down water, banking and shut down losses, etc., have been 
ignored, the 685 Btu unaccounted for will almost certainly all be accounted 
for as soon as a more careful investigation is done. This is one of the very rare 
first diagrams that does not run true to form. It is superficially excellent. 

651 . EFFICIENCY OR INEFFICIENCY? At first sight it might seem that 
this factory was very good. But is it ? The management knows about multiple 
effect evaporation, yet there is no vapour heating and no use of flash. Why 
should not the washings, at any rate, be evaporated in triple or quadruple 
effect. The extract will probably not be susceptible to high temperature until 
it is fairly concentrated. Anyhow, by suitably adjusting the heating surfaces 
it is possible to secure any desired evaporator temperatures in the later effects. 
It would seem to be very simple and straightforward to use one big triple to do 
all the evaporation instead of two doubles and a single. 

The biggest steam user of all is the meal drier. The spent meal goes for 
cattle food. Why, then, not copy the beet sugar industry who dry their pulp—• 
also for cattle feed—^with flue gases in driers which have efficiencies exceeding 
70 per cent ? 

Let us take out a diagram on these lines in order to establish a tentative 
bogey. 

652 . TRIPLE EFFECT EVAPORATOR. Now we want to do all sensible 
heating possible with latent heat that has been used as often as possible ; in 
other words we must heat our raw material input, meal and water, with vapour 
bled from the evaporator. We will draw Fig. 376 to help us to work out the 
problem. 

We will divide the sensible heating into two separate parts. The extracted 
solids and all the water used in extraction and process washing as one line ; 
and the exhausted meal and the water it contains at exhaustion as the other 
line. Of course in the actual plant this could not be done, several waters would 
pass through the heaters and the meal, both extracted and exhausted, would 
take its heat from the water. 

We have 8 psi steam at 235° F. and the vapour leaving the third effect at 
27 in. will have a temperature of 115° F. But we know from Section 642 that 
there is a Boiling Point Elevation of 16® F., so that the boiling temperature 
of the extract in the third body is 131° F. 

The overall temperature drop is 235 — 131 = 104® F. 
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Suppose we decide upon the following temperature drops over the three 
effects. We can write the corresponding evaporator pressures alongside. 

Evaporator Body. Temperature Drop. Pressure or Vacuum. Temperature. 
ist 25® F. I in. 210° F. 

2nd 34° F- 16 in. 176° F. 

3rd 45 ° F- 27 in. 131° F. 

We have ignored B.P.E. in the second body, it will be between i and 2 only, 
and in the first body will be quite negligible. 

From Fig. 370 the thin washings 

consist of .. .. .. .. I *495 lb. water and • 113 lb. solids 

From Section 641 the thin extract 

consists of.2 280 „ „ „ *887 „ „ 

Total feed to triple effect .. 3*775 )> >> 1000,, „ 

From Section 639 the raw material is 66 tons water and 374 tons solids 

For 241 tons of extract solids these 

figures become .. .. .. •2741b water and 1*552 lb. solids/ 

lb. E.S. 

From Fig. 374 the exhausted meal 

consists of. *735 » >> *490 « 

Wc can ignore the sensible heating of the input meal moisture because it is 
eventually counted either in the spent meal moisture or in the washings or the 
thin extract. We will also ignore the actual weight of spent meal solids and 
will take the difference between the extract solids and the input raw solids for 
sensible heating purposes. We have, already, found out how much water in 
process materials has to be heated together with the extract solids. The 
amount of raw mateiial solids that remain to be heated is therefore 

I ’ 552 — I * 000 = • 552 lb. 

We thus have two lots of materials to be sensibly heated :— 

Thin washings and thin extract .. 3 • 775 lb. water and i • 000 lb. solids 

Raw solids difference and spent meal 

water content . *735 » >> » *552 » „ 

Figs. 370, 372 and 373 give the total evaporation to be done as some 3-5 lb. 
If this is done in triple effect wc will recover about two-thirds of it as second and 
third effect condensates which cannot be used for boiler feed for fear of con¬ 
tamination. Let us assume that we have second effect condensate flashed 
down to and mixed with third effect condensate of 2 2 lb. at 170*^ F. We will 
use this for process, made up with cold water. 

The water in the feed will consist of say 

2*2 lb. condensate at 170° F. + 1*575 lb. raw water at 50° F. 
or 3*775 lb. at about 120"" F. 

The third effect vapour is at 115® F. and will therefore not be hot enough 
to do any vapour heating. We will assume that the whole feed enters the second 
effect vapour heater at no® F. 
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Now the raw material and the spent meal moisture need only be heated to 
170® F. and the temperature of the second effect vapour is 176® F. so that this 
lot of material need only pass through this second heater. 

We know the temperatures and pressures of the vapours, so we can write 
straight in the vapour heating of the process material and the amount of 
condensate from each vapour heater. 

If we assume that the vapour heater on the first effect will heat the feed to 
200® F. it will be necessary to heat the feed from 200® to 210® in the first body 
before evaporation can begin. 

This requires (3*775 X 10) + (I ‘O X 10 X *25) = 40 Btu. 

If ;ir lb. of steam are put into the first effect to do evaporation 

The latent heat in the input steam must be 956;^ + 40 Btu. 

The weight of the input steam will be + *042 lb. 

with a total heat of 1,159^ + 49 Btu. 

The latent heat available for evaporation is 956jf, and the latent heat at 
I-in. vac. is 972. 

The amount of evaporation will be - = • 984^ lb. 

containing x 1,150= 1,131^ Btu of total heat. 

We can now work through the plant as has been explained in Chapter 17. 

The evaporation is 

•984^ + •955Ar + 019 + -839.^ --- 034 = 2*778 .v -- 015. 

The evaporation must be 3 • 775 — • 205 = 3 • 570 

So that 2*778.r— *015 = 3*570 

X = i -290 lb. 

We can substitute i *29 for x and produce Fig. 377. 

The heat used for heating the raw material and water in Fig. 375 was 
345 + 66 = 411 equivalent to 

-—_ = • 36 lb. of steam. 

1,159-18 

Under the original system the steam needed for all three evaporations and 


for raw material and water heating was 

Water and raw material heating . . • 360 

Washings evaporator (Fig. 370) . . *622 

Preconcentrator (Fig. 372) .. *924 

Extract concentrator (Fig. 373) .. *960 

2 *866 lb./lb. E.S. 


Fig. 377 shows that with the triple and with vapour heating this has been 
reduced to i • 332 lb. 
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653 . MEAL DRIER. In Section 643 it was found that -674 lb. of moisture 
had to be removed per lb. E.S. 

If only I • 332 lb. of steam is needed for evaporation and process heating, 
or I *332 X 1,159 = ^>544 250 Btu are needed for space heating, and 

the same sundries heat, 685, as in Fig. 375 is required, the total steam heat to 
the process must be 2,479 Btu/lb. E.S. 

In Section 648 we took 41 lb. steam per kWh as a probable figure. Now 
the steam that is available for the engine is much reduced, so that even if we 
assume that the efficiency of the engine can be screwed up, this gain will be 
offset by the smaller size of the engine. We will therefore assume that the 
engine will still use 41 lb./kWh. 

The total heat put into the engine in Fig. 375 was 4,654 Btu to turn 304 Btu 
into power. With the triple effect evaporator we know' that the total heat for 
process need only be 2,479 Btu. If only 2,479 is to be exhausted or lost the 
engine will only give 173 Btu of pow'er and will call for an input of 2,652 Btu. 

From Fig. 377 there is 232 Btu in the uncontaminated condensate from the 
first effect. If 32 Btu are lost, 200 will be returned as boiler feed. For a very 
generous bogey we will take 70 per cent, as a reasonable boiler efficiency, so 
that the coal that must be burnt to give the needed heat is 

2,652 ~ 200 .p. 

■ ■ . ^ - = 3.505 Btu 

and the boiler loss will be 

3.505 - 2,652 + 200 = 1,053 » 

If 60 per cent, of this loss is heat in the flue gas we have only 
1,053 X *6— 632 Btu available for the drier. 

We have to do about 730 Btu of drying. 

If the drier is 70 per cent, efficient it will call for an input heat of 

= 1,043 Btu. 

There is therefore a deficit of 1,043 — = 411 Btu to the drier which 

must be made up by burning extra coal. 

654 . BOGEY. We can now construct our Sankey diagram, Fig. 378, for the 
improved factory, based on the generous boiler efficiency of 70 per cent. We 
see that we only need to burn coal equivalent to 3,916 Btu/lb. E.S., whereas 
in Fig. 375 the apparently efficient factorv' burnt 10,456 Btu—a saving of 
62 per cent. 

This is a very remarkable result from very simple application of well-tried 
technique to a factory which at first sight looked very efficient—it could account 
satisfactorily for 92 per cent, of its heat, a thing that hardly any factory can do. 

655 . EXTRACT DISCUSSION. If bogey could be achieved, and there is 
little doubt that it could, because in the foregoing only the two main processes 
have been considered, the saving would be 6,500 tons of coal a year. At 505. 
a ton this is some 16,000 a year. The new plant needed is a triple effect and 
a meal drier. The meal drier must be entirely new, but the triple can well be 
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made up by adding one vessel to the existing two doubles and single, thus having 
a triple consisting of three pairs of vessels. Such a plant has great practical 
convenience because one vessel can be put off for cleaning without sacrificing 
the whole of one effect. 


656 . BIO POWER STATION. This example is included for several reasons. 
First as an example of an efficient plant ; second to show how the main 
process, on which all care in design has been bestowed, can shoulder subsidiary 
processes into inefficiency ; third to show the dangers of thinking in percentages. 

The following data was obtained, and has all been based on 100,000 kW 
base-load running and refers to the more modern part of the station ; the 
older plant is running under the considerable disadvantage of two shift working. 

Boiler efficiency : 86 per cent. 

Blowdown : Estimated at just over o*i per cent, to drain, flash lost to 
atmosphere. 

Make-up : Estimated at i • i per cent provided by unit evaporators across 
the first two bleeds. 


Steam—nominal : 650 psi, 800® F. 

Turbine : Inlet, 620 psi.g., 790® F. 
ist bleed, 130 psi 
2nd bleed, 50 psi 
3rd bleed, 5 psi 
4th bleed, 20 in. vacuum 
Exhaust, 29 in. vacuum 
Steam consumption, 9*1 lb./kWh. 


Generator efficiency : 98 per cent. 


Cycle efficiency 
EflSciency ratio 


^Not known. 


Output : 100,000 kW. 

Triple effect evaporator working with reduced desuperheated boiler steam 
and discharging into the condenser, to supply additional make-up for the old 
plant, which has so large a make-up due to its nightly shutting down with 
consequent heavy superheater blowing, that its evaporators cannot meet its 
needs. Consumption about 3,600 lb./hr./100,000 kW in the newer machines. 


Space heating of offices, stores, laboratory and workshop by steam heated 
calorifier. Boiler steam reduced to 75 psi and desuperheated. Condensate to 
main condenser. 


Boiler house, turbine room and switch house heated by losses. Particulars 
of all buildings taken. 

The auxiliaries take 4*3 per cent, of the current generated. 


657 . CYCLE EFFICIENCY. In order to find the cycle efficiency we must 
find out the heat drop to each bleed point and how much steam each bleed 
should withdraw. Fig. 379 shows the adiabatic conditions over the various 
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parts of the turbines. It also shows the adiabatic steam state at each bleed 
point. These figures were read straight off the Mollier chart. 


620 pti 

(,’4^ 


/sensible heat/ 
[^LATENT heat] 
\SUPERHEAT\ 
(TOTAL HEAT) 



FIG. 379. ADIABATIC HEAT DROPS AND BLEEDS IN LARGE TURBINE 


We must find the theoretical quantity of steam that is to be taken from each 
bleed point. The first bleed feeds the unit evaporator as well as the bleed feed 
heater, and the evaporator discharges into the second bleed. 

We must find out how much steam the evaporator should take to put 
I * I per cent, of make up into the system. The heat in the condensate from the 
evaporator must be used either for feed heating its own feed, or for heating the 
main feed—it does not matter which. By passing the condensate into the bleed 
heater condensate system, a simplification is obtained and a feed heater for the 
evaporator is saved. 

Fig. 380 shows the unit evaporator analysis, i • i per cent, of 910,000 lb. 
is 10,01 o lb. If the evaporator blowdown is 2 per cent, the feed to the evaporator 

must be —= 10,214 lb. 

To produce 10,010 Ib./hr. of make up will call for about 12,719 Ib./hr. of 
steam from the first bleed. 

Fig* 381 shows the theoretical performance of each bleed heater. The feed, 
in tliousands of pounds per hour, is passed through from right to left, from 
heater 4 to heater i. It is assumed that the water is heated up to within i ° F. 
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of the saturation temperature of 'the bleed steam. The condensate is passed 
from left to right from the higher pressure heaters into the lower pressure. The 
flash heat from the condensate is thus given up conveniently. 

The sensible heat in the feed after each heater can be written straight in. 
This gives us the heat addition called for in each heater. The last heat addition 
must be provided by first bleed steam. The condensate from this heater 
together with the unit evaporator condensate goes into the second heater. The 
flash heat available must be deducted from the heat requirements of the second 
heater to find the steam heat needed. The steam output of the unit evaporator 
must be deducted from this steam to get the actual amount of bleed. 

10*010 



« 0*204 
2 % BLOWDOWN 
C55) 


FIG. 380. UNIT EVAPORATOR IN POWER STATION 


The combined condensate goes into the third heater, giving up its flash heat, 
and so on. 

We can now tabulate from the information in Figs. 379 and 381 :— 





5 

D 




Weight of 

Weight of 

Adiabatic 

Total heat 


Pressure 

bleed 

steam in 

heat drop 

drop 




turbine 


S X D 



lb. 

lb. 

Btu, 

Btu. 

Turbine inlet 

620 psi 

— 

910,000 

163 

148,330.000 

1st bleed point 

130 „ 

73,800 

836,200 

74 

61,878,800 

2nd ,, ,, 

50 » 


777,100 

82 

63,722,200 

3rd „ „ 


55.300 

721,800 

89 

64,240,200 

4 ^h ,, „ 

20-in. vac. 

71.350 

650,450 

120 

78,054,000 


416,225,200 


The heat in the steam at the stop valve is .. .. .. 1,400 Btu/lb. 

The heat in the feed is .. .. .. .. .. 327 

The heat supplied is .. .. .. .. .. .. 1,073 Btu/lb. 
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The total heat supplied is 910,000 X 1,073 • • • • • • 976>430,ooo Btu 

The total available heat drop is .. .. .. .. 416,225,200 „ 

Therefore the cycle efficiency is .. .. .. .. 42 • 6 per cent. 

658 . EFFICIENCY RATIO. 

The generator is said to have an efficiency of .. . • 98 per cent. 

So that, in order to produce .. .. .. .. .. 100,000 kW 

The turbine must develop .. .. .. .. .. 102,041 „ 

The total heat drop of 416,225,200 Btu is equivalent to .. 121,881 „ 

The efficiency ratio is .. .. .. .. .. .. 83*72 per cent. 

(This figure is so good as to throw some doubt on the data.) 

659 . OVERALL THERMAL EFFICIENCY. We can now take out the 
overall thermal efficiency of the boiler-turbo-generator, but not that of the 
whole station until we have ascertained the other steam users. 

The cycle efficiency is .. .. .. ..42*6 per cent. 

The efficiency ratio of the turbine is .. .. . . . . 83*72 per cent. 

Therefore the curbine thermal efficiency is .. .. .. 35*66 per cent. 

The generator efficiency is .. .. .. . . . . 98 per cent. 

So that the turbo-generator thermal efficiency is .. .. 34 *95 per cent. 

The boiler efficiency is said to be .. .. . . . . 86 per cent. 

So that the coal to kilowatts efficiency is .. .. ,.30*06 per cent. 

The auxiliaries take 4 • 3 per cent, of the current, leaving an 

available output of . . .. .. . . • • 95 ’ 7 per cent. 

Therefore the overall thermal efficiency is approx. . . . . 28 *8 per cent. 

This is a good figure—better than the station actually achieves, but it was 
based on the steam figure for base load running at economical rating. Actually, 
the station is running as a base load station, but at overload all day and on 
about half load at night. Neither of these ratings is efficient and the real 
efficiency of the station is nearer 27 per cent, than 28 per cent. Another cause 
of reduced efficiency is the rise in sununcr of the cooling water temperature 
which prevents the proper vacuum being maintained. 

660 . BLOWDOWN. If the boiler blowdown is taken at • 11 per cent, it is 
probably on the low side. This sounds a very small amount, but it amounts to 
1,000 lb./hour/100,000 kW. The flash steam lost to atmosphere is over 
300 lb./hour, or enough to brew about 200 barrels of beer a week, or to wash 
1,000 lb. of laundry a day. 

In Section 411 a flash-for-power recovery system with three bleeds was 
shown in Fig. 236, and some 20 kW was found to be recoverable from 1,000 lb./ 
hour of blowdown at 650 psi. 

Fig. 382 shows a similar arrangement applied to the four bleed turbine in 
the present station. A i per cent, loss has been assumed over each flash tank. 
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This arrangement recovers 380 lb. out of the 1,000 lb. blown down as clean 
condensate, and adds 23 kW to the generator output. 

The plant can be very cheap. If the flash tanks are only 14-in. pipes the 
steam velocities in the tanks are well below those given in Table LVII. The 
flash steam velocities are shown in Fig. 382. It is important to keep the 
velocities reasonably low to reduce the risk of entrainment because blowdown 
contains the unwanted solids which are to be got rid of, apart from possible 
damage to turbine blades. 


• IOOCX5 



661 . SPACE HEATING. The calculations of the wall, roof and ventilation 
losses will not be set down ; they are obtained in the same way as those in the 
brewery or laundry. The heating requirements seem to be :— 

Boiler house, by radiation losses 4,400,000 Btu/hr./100,000 kW 


Turbine room, by radiation losses 3,000,000 
Switch house, by electrical losses 700,000 


Office, laboratory, etc., by live steam 2,000,000 „ „ 

The last item is pretty bad. It was done because “it was so simple**. 
It represents only * 2 per cent, of the steam. But what does • 2 per cent, mean ? 
It is direct loss of either coal or kilowatts or both. 


Let us see how much steam is required. The 620 psi steam is reduced to 
75 psi and desuperheated. 

Each pound of 620 psi steam contains 
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Each pound of 75 psi saturated steam contains 1,186 • i Btu 
After desuperheating i lb. of 620 psi steam becomes 

= I • 18 lb. of 75 psi steam. 

One pound of 75 psi steam can give up 895 • 8 Btu of latent heat. 

Therefore the amount of 620 psi steam needed 
to provide 2,000,000 Btu is 


2,000,000 
895*8 X I • 18 


1,892 lb./hr. 


662 . THE EVIL OF DESUPERHEATING. Desuperheating increases the 
amount of steam and therefore condensate by 18 per cent. This extra conden¬ 
sate carries away its sensible heat to the condenser (in this station) where the 
sensible heat is reduced from 290*3 to 47 Btu/lb. on 2,233 lb./hour. 

If the calorifier were made suitable for use with superheated steam—and 
why not ?—each pound of reduced and wiredrawn 620 psi steam would give 
up 1,400 — 290*3 — 1,109*7 Btu. The steam consumption would be reduced 
to 1,802 lb./hour. 

The steam saved, namely 1,892 — 1,802 = 90 lb./hour could go through the 
turbine (without any extra bleeding because it is already being heated as feed) 
and could give ii *6 kW and would save the cost of the desuperheater. 


663 . BLEED SPACE HEATING. Now there is a bleed of 5 psi, which is 
just exactly right for space heating cither via a calorifier or direct as steam. 
The calorifier is probably better, as a multitude of radiators with low pressure 
steam are likely to provide much air leakage if the radiators are checked so as 
to reduce the steam pressure to below atmospheric. Such a calorifier would 
have to be larger, but not at all exorbitantly large. 

Each pound of 5 psi steam can give up 885*5 Btu of latent heat (assuming 
adiabatic conditions at the bleed point for conservatism). 

The heating required is 2,000,000 Btu. 

The extra bleed must be 2,257 Ib./hr. 

Wc should put into the turbine 1,892 lb./hour of high pressure steam 
(Section 661) which will be passed out at the third bleed. 

rr-L- -11 Ij892 X 319 X -8 

This will generate - - -— 141-4 kW. 

3.415 

But this steam is not sufficient at the bleed point and an extra bleed of 
2,257 — 1,892 = 365 lb./hour will be needed. 

We shall therefore forfeit . ^ = 18-7 kW. 

3.415 

The net gain will therefore be 141-4 — 18-7 = 122*7 

If we say that the heat is used for 100 hours a week for 28 weeks in the year, 
the average gain will be about 39 kW. 
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It is possible that, at night, when the load is light, the 5 psi bleed point will 
drop in pressure to 10 in. vacuum. It might therefore be necessary to use the 
50 psi bleed for space heating during periods of light load. 

664 . TRIPLE EFFECT EVAPORATOR. The present triple, taking a maxi¬ 
mum of about 3,600 lb. of 620 psi steam per hour, is supplying extra make-up 
to the old plant that its evaporators cannot supply. The plant breaks all the 
rules of multiple effect evaporation. It operates over a very big temperature 
drop at a high temperature and does not use its vapour for sensible heating— 
its vapour heats the local river. There is much loss of heat from condensate flash. 
The machine is not intended to work continuously. Its real purpose is to fill 
the station up with distilled water at the original start and to deal with any 
emergency situation. Even so it could have been designed so as to be an 
integral part of the plant and possibly to take the place of the unit evaporators 
which are single effect vessels. 

In Sections 470 and 480 it was explained that the multiple effect evaporator 
works best when the pressures are low so that latent heat which represents the 
only transferable heat is the largest proportion of the total heat, and when the 
temperature drops across each vessel are small so that the variations in latent 
heat from body to body are as small as possible. If, on the other hand, the 
exhaust and the bleeds from the evaporator can do really useful sensible heating 
then the advantages of working at higher temperatures are more important than 
the actual evaporator efficiency. In the case of the power station the steam 
supply to the evaporator can be taken from one of the bleeds and the exhaust 
from the evaporator can go into a lower pressure bleed. The lower the pressure 
of the bled steam the more is power forfeited because the low pressure end of 
the turbine is more efficient than the high pressure end. On the other hand the 
lower the temperature of the evaporator the less will be its own heat losses 
and the less loss by flash heat will there be. We cannot operate the evaporator 
across the last bleed to the condenser as it is desirable to de-aerate the 
condensate from the evaporator by some appreciable degree of flash in the 
condenser. Taking all things into consideration it would seem that thfc 
evaporator should take its steam from the last but one bleed and exhaust into 
the last bleed. 

There is no need to plough through the analysis of the suggested triple. 
We can estimate quite nearly enough from Fig. 288, Section 485. The existing 
triple is using about 3,600 lb./hr. We do not know its exact performance, t)ut 
will take the same steam consumption using bleed steam. This may introduce 
an error, but the actual figures are not so important as the argument. 

From Fig. 288 we see that if we put 3,600 lb. of steam in to a triple about 
2,000 lb. of third body vapour will be put out, if cold feed is stage-vapour- 
heated. By putting the triple across the last two bleeds :— 

kW 

3,600 lb. steam from 620 to 5 psi with a heat drop of 319 Btu 

at an efficiency of 80 per cent, will give .. .. 269 

2,000 lb. steam from 20 in. to 29 in. with a heat drop of 120 

at an efficiency of 84 per cent, will give .. .. 59 

A total maximum power gain of .. ,. .. .. 328 
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665 . SUMMARY OF ECONOMIES. By applying ordinary principles of 
heat economy technique to the neglected appendages of a big power station. 


can make really material savings. 

They add up to :— 



Average 

Maximum 


kW 

kW 

Blowdown flash recovery 

18 

23 

Bleed space heating 

39 

122 

Triple across last bleeds (say) 

100 

328 


»57 

473 


Now these totals are very substantial, but they only represent o • 2 to o • 5 per 
cent, of 100,000 kW. The 160 kW which can be picked up without burning a 
single extra pound of coal would supply two laundries or one brewery of the 
size that have already been investigated. 

Now this power can be obtained for nothing except the capital cost. If it 
is not saved the power must be generated in another station where i lb. coal 
per kWh must be burnt. In addition the other power station has to be built 
and this costs (1944) about The money savings add up thus :— 

£ 

Coal per year to produce 157 kW on base load is 
610 tons worth £1,220, 

Capitalised at 15 per cent. .. .. .. .. 8,100 

Capital cost to produce 240 kW (half the maximum) 

elsewhere at £35/kW .. .. .. .. 8,400 

16,500 


Costs may have changed greatly between the time of writing these sections 
and their appearance in print. The following money figures must not be 
looked upon as proper estimates, but merely as tools to drive home points that 
are at least worth investigating. 

V 

666. ESTIMATE OF COST. The blowdown flash collection consists only 
of six vessels about 15 in. diameter, five traps and a few hundred feet of small 
bore piping. It should be possible to do the lot for £2,000. 

The space heating by bled steam will probably call for a new and bigger 
calorifier and a rather more generous steam pipe to carry the lower pressure 
steam. In a new station the desuperheater would be saved. The work should 
be possible for about ^(^2,500. 

The low pressure triple is rather more difficult to estimate, but some guide 
can be obtained from experience in the author’s factory. 

We can say that the cost will probably be about £4,000 on a 1937 basis or 
say £7,000 in 1944/45. 
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The total cost becomes ;— 

Blowdown flash collection 
Bleed space heating 
Low pressure triple 


Capital cost saved and capitalised coal saving from 
Section 665 

Net Bonus 

Another way of setting out the saving is :— 

Cost of alterations 
Capital saving 

Net capital cost .. 

For an annual gain of .. 

Or a return of 39 per cent. 


§666-667 

£ 

2,000 

2,500 

7,000 

11.500 

16.500 




11,500 

8,400 

3,100 

1,220 


This postulates the scrapping of the existing triple, but this plant could still 
do much of the work across the same temperature difference as the new plant, 
which could in consequence be smaller and cheaper. 


667 . POWER STATION DISCUSSION. The foregoing has all been based 
on the assumption that the turbine can take more steam. Suppose however, 
as was the fact in the particular station under consideration, that the turbine 
is flat out. No more steam can be passed into it, so that any extra bleed will 
reduce its output, not increase it. This gives us a very different cost picture. 

The blow-down arrangements can stand because the boilers can perhaps 
be run during the peak with the blow-down shut, all the blow-down being 
done during periods of lighter load. The space heating and the triple can only 
be bled from the steam that is already going through the turbine. 

It was shown in Section 663 that the space heating called for 2,257 Ib./hr 
from the third bleed. This will forfeit its heat drop of 209 Btu down to 29 in.—• 

see Fig. 379. The power lost will be ^ ^ 


3.415 


= 113 kW. 


This is a maximum. For 100 hours a week for 28 weeks it would be 36 kW. 

In Section 664 it was assumed that 3,600 lb./hr. would be bled from the 
third bleed point for the triple effect evaporator. The heat drop between the 
last two bleeds is 89 Btu. The exhaust from the triple would go into the fourth 
bleed and undergo a heat drop of 120 Btu to 29 in. The total power loss from 
the triple will therefore be 

(3,600 X 89 X -83) + [(3,600 — 2,000) X 120 X -84] _ ^ 

3.415 ^ 

If the evaporator works on average 50 hours a week it would be 37 kW. 
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: thus get :— 

Max. 

Av. 

Power loss from bleed space heating 

113 

36 

Power loss from triple across 3rd and 4th bleed 

.. 125 

37 


238 

73 

Power gain from blow-down 

23 

18 

Net power loss 

215 

55 


We can legitimately assume that although we cannot put more steam into 
the high pressure end of the turbine, we can adjust the bleed quantities to a 
small extent, so that we are justified in taking credit for the blow-down flash 
recovery. 

By taking bled steam for space heating and for the triple we have saved 
steam but forfeited power when conditions are such that the turbine cannot 
take more steam. 

The steam saving is 3,600 lb./hr. for the triple and 1,892 lb./hr. for space 
heating. 

The boiler feed contains 327 Btu/lb. 

The stop valve steam contains 1,400 ,, 

Therefore the boiler adds .. .. 1,073 

So that the coal burnt for the triple was : - 

3,600 X I5O73 ,, 

— -= 371^) lb./hr. 

12,000 X *86 

If the triple works for 50 hours a week the coal saving will be :— 

375 X 50 X 52 , 

o-iL = 435 tons/year. 

2,240 

The coal burnt for space heating was :— 

1,892 X 1,073 ,, 

= 197 lb /hr. 

12,000 X *86 

In Section 663 is was assumed that the space heating was used for 100 hours 
a week for 28 weeks, so that the coal saving will be :— 

107x100x28 , 

~ 245 tons/year. 

The total coal saving would be :— 

435 + 245 == 680 tons/year. 

To produce the 55 kW forfeited will require the liurning of :— 

55 X 168 X 52 , 

— - — = 213 tons/year. 

2,240 

There will therefore be a net coal saving of :— 

680 — 215 = 465 tons/year. 
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At 40i. a ton this represents an annual saving of 

£ 

Cost of alterations .. .. .. .. .. 11,500 

Cost of providing 215 kW elsewhere at £35/kW .. 7,525 

Total Capital Cost . . . . . . £1^,025 

A saving of £g^o on 5(^19,025 is only a return of 5 per cent, which would 
not warrant the extra complication, diversion of effort or capital expense. 

A turbine costs less per kW to build than the boiler plant. It would seem 
desirable therefore that stations should be built with spare turbine capacity 
rather than with spare boiler capacity. But this is hardly possible. A boiler 
can be pressed beyond its rating, which is a rather indefinite figure being 
really an output fixed by the boiler maker at as high a figure as he thinks he 
can get away with. The output of a turbine is a definite figure limited either 
by the amount of steam that can be pushed through it, or by the temperature 
of the generator. 

The engineer responsible for running a big power station will always resist 
the introduction of complications, however efficient, especially those which in 
any way connect two big turbines together. If the space heating and the 
triple were supplied by bleeds they would have to be taken from at least two 
machines. This would connect the two turbines together on the downstream 
side of the governor and stop valve, and all kinds of precautions would have to 
be taken to prevent the bleed from one turbine driving the other if the other 
happened to have tripped off the bars. Whereas the brewer is obsessed with 
the quality of his beer and the sugar refiner with the quality of his sugar, the 
power station engineer is obsessed with the continuity of supply—this is 
especially the case in England where the generating industry is still smarting 
under the stigma of “ Black Sunday”, 29 July, 1934, when half the electric 
supply of the country failed. The failure would probably not have occurred 
had not two of the largest turbines in the country been shut down because it 
was necessary to repair the one and only valve that connected the two turbines 
together. Now that the C.E.B. have proper control and the Grid is connected 
to such huge and scattered capacity, there would seem to be much less need 
for this extreme caution. Many power stations should therefore be able to 
effect sizeable economies in their ancillary and auxiliary processes were they 
to adopt a little of the complication that the process factory takes in its stride. 

668. POWER STATION ALTERNATIVE. There is an alternative to 
drawing extra steam from the bleeds for the auxiliaries. This alternative is 
entirely free from the objection that it connects the main units together by 
valves. 

The triple requires about 3,600 lb./hr. and space heating calls for about 
2,250 lb./hr. If a small back pressure turbo-generator is installed it can take 
boiler steam and exhaust to these two steam users at about atmospheric 
pressure. To produce 5,850 lb. steam at exhaust, will, we can guess, call for 
about 6,000 lb. of 620 psi steam. The adiabatic heat drop will be about 
340 Btu and the efficiency ratio 50 per cent. 
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The output should be 

340 X 6,000 X -5 ^ 

3.415 

The cost of such a machine, inclusive of piping and switchgear, all of which 
can be of the simplest, should not (in 1944) exceed about £i^/kW. 

The present space heating and triple are taking 1,890 + 3,600 — 5,490 lb./hr. 
The back pressure turbine will take say 6,000 lb./hr. Some 510 lb./hr. extra 
high pressure steam will be needed, calling for the burning of 


510 X 1,073 
12,000 X *86 

or 


53 Ib./hr. 

207 tons a year maximum. 


or about 70 tons a year if the average power 
generated is 100 kW winter and summer. 



Cost 

Power gain 




kW 


£ 

Max. 

Av. 

Blowdown heat recovery 

2,000 

23 

18 

New triple 

7,000 



Space heating .. 

2,500 



New back pressure turbine, say 

4,500 

300 

100 


16,000 

323 

118 

To instal plant to generate 323 kW elsewhere 
will call for a capital cost at of .. 

11,305 



Net Capital Cost 

;C 4.695 




To generate 118 kW elsewhere will require the burning of 460 tons of coal 
a year whereas with the back pressure set the extra coal burnt will be roughly 
70 tons/year. 

So that for a capital cost of about £^^000^ we can expect a saving of 390 
tons of coal a year or about £800, This shows a return of 16 per cent, which 
is a modest reward, but actually the picture is really brighter. We have 
assumed an entirely new triple. The old triple could still do the bulk of the 
work and the new plant could be quite small and cheap. The return might 
well approach 30 per cent. 

669 . AUXILIARIES. Before leaving the power station let us glance at the 
power-taking auxiliaries as distinct from the steam-taking auxiliaries. The 
power taken by the auxiliaries must be looked upon as so much sheer waste, 
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and every possible effort should be made to 

cut this power 

demand to 

lowest. The auxiliary power load in the station under consideration was 


Per cent. 

kW 

Goal and ash handling gear 

•21 

210 

Fans .. 

1*94 

1,940 

Boiler feed 

I • 08 

1,080 

Condensate extraction 

•14 

140 

Condenser cooling water 

•75 

750 

Light 

•*3 

130 

Sundry 

•05 

50 


4-30 

45300 


This is a fearsome penalty to pay for modernity. There is little that can be 
done about it. Had the boilers been designed to get the best from natural 
draught, and had the fans been driven by D.C. is it unreasonable 10 expect a 
fan power reduction of 20 per cent.—or nearly 400 kW ? Had this been the 
case a capital expenditure elsewhere of 14,000 and over 1,500 tons of coal a 
year would have been saved. Wliat would have been the extra cost of a 
tunnel- or tower-like boiler and D.C. or Ward-Leonard auxiliaries ? Possibly, after 
deducting £i^^ooOy sufficiently small for £3,000 a year to show a good return ? 


What is the efficiency of the boiler feed pump, the other big power eater ? 
It delivers 910,000 lb./hr. at 825 psi. Table XXXII tells us that i psi is 
equivalent to 2 • 309 ft. of water. So that the work done by the pump is 


910,000 X 825 X 2*309 
2,655,000 


650 kW 


The pump is therefore 60 per cent, efficient from cables to delivery pipe, 
which is very good with a multistage high pressure centrifugal pump. 


670 . SANKEY DIAGRAM. Fig. 383 is a Sankey diagram for this station. 
It is not an exact picture, because it is based on the adiabatic bleeds shown in 
Fig. 381, and it assumes that each feed heater heats the feed to within 1° F. 
of the bleed saturation temperature. To get the picture exact would have 
needed many calorimetries of the bleeds, etc., and other figures which were 
not available. The effect of these approximations is of no importance, because 
Fig. 383 is only given to show an exceptional occasion where the Sankey diagram 
is of little value. The main unit, about which nothing can be done—^it is 
either properly designed or it is not—so overshadows the subsidiary processes 
that, although they are quite large in themselves, they become insignificant 
threads on the picture. 

The subsidiary processes should be given their own diagram on a much 
larger scale. 

It will be seen that each bleed heater on the diagram is shown as rejecting 
heat to the condenser, which is not shown on Fig. 381. Each of these reject 
heats represents the ration of loss appropriate to each heater due to the con¬ 
densate leaving the last heater at 161® F. and leaving the condenser at 80® F, 
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In each of the four different industries whose heat balances have just been 
considered the method of attacking the problem has been somewhat different. 
This has been done purposely in order to show possible methods of approach. 
There is no hard and fast rule. There are always just three things to find out, 
and it matters little in what order they are investigated, namely :— 

How much heat is being used and where is it being used ? 

How much heat should be used with the present process ? 

How little heat could be used with improved methods or processes ? 

It is often convenient and desirable to set out the balance or diagram in 
terms of coal per year or money per week rather than in heat units. It all 
boils down to money in the end and money rings a bell in the mind of manage¬ 
ment that remains silent when an attempt is made to impulse it by means of 
heat units. 

mt ^ * 
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CHAPTER 21 

COSTING AND REGRESSION 

For money b’ing the common scale 
Of things by measure, weight and tale ; 

In all th* affairs of church and state, 

•Tis both the balance and the weight . . • 

And yet they’re far from satisfactory, 

T* establish and keep up your factory. 

BUTLER. Hudibras, 1663. 

THE costing of steam is not a very difficult task. Even if the costing is done in 
the most elementary way it will give very useful results. But costing alone 
will not tell us all we want to know. However well we do our steam split 
(Sections 558 and 559) and however well we cost our steam we can never truly 
determine the demarcation between fixed steam, that steam used to make up 
all the process and space heating losses, and the useful or marginal steam, that 
steam actually used to do useful work in the process. By means of ‘ ‘ regression 
analysis ’’ we can estimate by simple means the fixed and variable heat. 


671 . SERVICE COSTING. A service consists of something that is produced 
by material, labour and plant, and which is generally available to any job or 
process in the works—it is “on tap’’. The distinction between a service and a 
material is not always clear. If water or gas, which may be on tap throughout 
the factory, have no cost added to them over and above their price, there is 
no need to treat them as services. In the case of the author’s factory^ water is 
treated as a service because all the incoming town water is pumped to a con¬ 
siderable height and some cost, pumping, valve maintenance, meter upkeep, 
etc., is incurred. If water were treated as a material there would be no rational 
way of allocating these small costs. 


Factories may have many different 
Cold water 
Hot water 
Steam 
Electricity 
Compressed air 
Vacuum 


services. Here are some of them :— 
Hydraulic power 
Gas 

Oxygen 
Light 
Transport 
Laboratory, etc. 


The allocation of services presents some of the same problems as the allocation 
of overheads, but, as in most cases services can be metered or closely estimated, 
the allocation to departments (if a job costing system is used) or to processes (if 
a process costing system is practicable) can be done with considerable accuracy. 


672 . STEAM SERVICE COSTING. Steam is, in very many factories, by 
far the most important and costly service. If a service such as steam is costed 
per unit—say per i ,000 lb. of steam—then measurement or good estimate will 
enable the correct steam cost to be allocated to each part of the factory where 
steam is used. 

If steam is costed at its particular pressure and temperature and is subse¬ 
quently degraded by passing through an engine, evaporator or reducing valve, 
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complications at once arise. So steam should be costed from ” the average 
feed water temperature before any feed he-iting, ‘‘ at ” 212® F., or dry saturated 
at atmospheric pressure. Then at the point-of-use, pressure, temperature or 
quality can be measured and the used steam can be brought back to the common 
denomination of dry saturated at 212® F. 

Another equally good method is to cost the steam per 1,000 Btu or per 
therm. It is really a matter of personal choice, but the standard steam method 
has advantages as it is easier to think in pounds of steam than in therms of steam, 
though this is probably simply a matter of custom. 

It is of little use to try to cost steam only. No costing method applied to one 
process or to one service will be reliable. If steam is to be costed, everything 
must be costed. The reason h that in any costing system there are items that 
cannot be measured but have to be allocated. Unless the whole of these items 
are allocated to something there is no certainty that every expense has been 
charged to something. An attempt to cost steam alone will almost certainly 
result in the cost being too low. 

On the next page is a Cost Sheet for steam in the author’s factory, just 
before tlie war (The object of going to three places of decimals is to make 
certain of getting the first place right. It entails no extra labour as the 
machine is made for three places.) 

This cost sheet is simple and is largely self-explanator>\ It gives 
all the necessary information except one important item, without being 
burdened with a lot of detail, and the clerical work entailed in getting it 
out is relatively small. The important exception is the cost of overtime for 
maintenance. There seems no simple way of showing this satisfactorily in the 
cost sheet. 

It will be seen that water is treated as a service. This refinement gives 
very little extra trouble and allocates correctly the power and maintenance on 
the fresh water pumps, valves and meters. 

This type of cost sheet is believed to be equally suitable for large or 
small works and for either steam or hot water. But it only gives the cost per 
unit of steam. It does not in any way attempt to allocate the steam costs to 
the process ; that must be done in the heat balance and the steam split. 

673 . LABOUR. Subdivisions are provided for splitting the labour into small 
sections, for example there might be two boiler houses, or coal handling might 
be very awkward and expensive and it might be worth while splitting the 
labour cost into small operations. For example in 1939 coal and ash handling 
were taken together, w^hcreas in 1944 with worse coal and more ashes the 
charges have been separated. 

The expense called “ Incidentals ” is not a general costing term. It is an 
abbreviation of “ Incidental to Wages ’’ and includes all those items other than 
wages which cease automatically when a man or woman leaves the employ. 
It includes holiday pay, sick pay, gratuities, National Insurance, employers* 
liability, overalls and laundry. The item differs from other overheads, which 
are generally regarded as being proportional to wages but which do not fluctuate 
exactly with wages ; such items for example as surgery, recreation room, 
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COST SHEET A 


Process—steam service code No. 130 

Unit — 10,000 lb. steam from 15° C. AT 100® c. 


NET OUTPUT, 2,782 UNITS 

ONE WEEK ended 
SEPTEMBER 10, 1939 

CUMULATIVE 






22 WEEKS 

, 23 WEEKS 





1 

1 

EXPENSE 

£ 

pence/unit 

pence/unit 

pence/unit 

Labour 




i 

1. Boiler and water softening .. 

105-916 

9-137 

9-487 

1 9-470 

2. Coal and ash handling 

3. 

4. 

13*162 

1-135 

1*128 

1-129 

5. 

6. 

7. 

Incidentals . 

18-048 

1-557 

1*509 

1 1-511 

Overtime .. 

19-716 

1*701 

*991 

1-025 

1 

Total Labour 

156-842 

13-530 

13*115 

13-135 

Material 





1. Coal, 1,107 tons 

1,600-452 

138*069 

144*767 

144-449 

2. Chemicals . 

3. 

35-016 

3-021 

3*176 

3-169 

Total Materials 

1,635-468 

141-090 

147-943 

147-618 

Maintenance Allocation 





1. Labour. 

73-122 


6*602 

6-588 

2. Incidentals 

9-505 


*858 

•856 

3. Material . 

91-520 

7-895 

8-038 

8-031 

Total Maintenance .. 

174-147 


15*498 

15-475 

Services 




i 

1. Vac. and hydr. power 

2. Water. 

3. Steam 

58-569 

5-053 

5*144 

5-140 

4. Electricity . 

— 

— 

*552 

-526 

5. Remelting 

6. Inside transport 

•896 

•077 

•091 

•090 

Total Services 

59*465 

5*130 

5*787 

5*756 

Direct Cost .. 

2,025*922 

174-773 

182-343 

181-984 

Overhead Allocation 

58-294 

5-029 

5-776 

5-741 

Depreciation 

179-426 

15-479 

16*936 

16*866 

Total Rehnery Cost 

2,263-642 

195*281 

205*055 

204*591 
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canteen subsidy, etc., which, in the author’s factory, are included in factory 
overheads. Overtime is kept separate, thus enabling a good check to be kept 
on this important and insidious charge. 

674 . MATERIALS. By far the largest of these is coal. If the water comes 
straight to the boiler house without having a cost incurred on it, it would be 
charged as a material. If power for the boiler auxiliaries were bought from 
the public supply it might be treated as a material. 

675 . MAINTENANCE. Maintenance is the one item that cannot be really 
satisfactorily charged. If the actual maintenance costs are used, very irregular 
results occur whenever such things as the complete renewal of a grate or the 
annual survey of the boiler take place. Ihe weeks when these things occur 
give costs that are unduly high, leaving all the other weeks unduly low. It is 
therefore necessary to take out the maintenance costs but to put in an average 
cost each week. This average can be that actually incurred in the previous 
year or a moving average of 2 or 3 years can be used. The last method gives 
the most satisfactory result and is to be recommended. It may be found that 
boiler maintenance is so steady that a constant figure is near enough, such a 
constant figure being adjusted from time to time when any major cost, such 
as a grate or economiser renewal takes place. It will be seen that maintenance 
only accounts for about 7 per cent, of the steam cost, so that a 10 per cent, 
error in the maintenance charge for any one week will affect the cost by less 
than I per cent. 

676 . SERVICES—GROSS OR NET OUTPUT. The costing of services 
has already been discussed, and the reasons that call for any particular item to 
be treated as a service have been argued. There is, however, one obvious 
difficulty. 

When costing a boiler house, one of the costs is the energy required to drive 
the boiler house auxiliaries. If the power for the auxiliaries is purchased from 
the grid, there is no difficulty. If however, the power is supplied by electricity 
produced from the steam to be costed, the steam cannot be costed until the 
cost of power is known, but the power cannot be costed until the cost of steam 
is known. 

The difficulty can be overcome by means of simultaneous equations, or 
their equivalent. 

Let B = cost of operating the boiler house, excluding auxiliary power. 

P = cost of operating the power plant, excluding the steam energy used. 

S = units of standardised steam produced. 

E = units of power generated. 

€ = energy absorbed by the power plant expressed as standard steam 
units on the heat basis. (Sec Section 679.) 

a = power taken by the boiler auxiliaries. 

X = cost of one unit of standardised steam. 

y = cost of one unit of power. 
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„ _ B + aji 


(i) 


V 


P + e X 
E 


(ii) 


Consider equation (i). The term ay is the cost of running the auxiliaries 
and is spread over all the steam cost. This is quite legitimate where the steam 
is used only for heating or only for power. But where back pressure machines 
are used, any increase o( ay will almost certainly be due to the adoption of a 
more elaborate boiler plant in an endeavour to generate more power. Such 
an increase in the cost of running the boiler auxiliaries should be a charge on 
power and should not be debited to the steam-using process. Equation (i) 
therefore does not seem to give the right steam cost. 


Consider equation (ii). We can rearrange it thus 


or 


E y = P + e X 
Ey^P 

X = -=1- 

e 


(iii) 


Combining equations (i) and (iii) we get 

E y — P _ P a y 

e S 

SE_y — SP = eB e ay 
V {S E — e a) = ^B + SP 
^B + SP 

= sl-irT-. • • •• 


(iv) 


In a back pressure plant e will always be much smaller than S because 

S — « represents the exhaust steam heat. It is unlikely that e will often be 

greater than *28. At moderate pressures a = about * lE. 

So that SE — = SE — (about • 02 S E) 

= about -98 S E. 

Suppose that, in so striving after maximum power production in a very 
small back pressure plant, the boiler house be made so highfalutin that its 
auxiliaries absorb almost all the power generated, then 

a will nearly = E 
e might be = about • 3 S 
. •. S E —- ^ a = about • 7 S E. 

If the state of affairs were really such that the boiler auxiliaries took almost 
the whole of the power, the few net units actually sent out would cost an 
enormous amount and j; should approach infinity. In order thatj; can approach 
infinity ^E — e a must approach zero, which, it has been shown, can never 
happen. So equation (ii) or (iv) must be wrong. 
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The object of a boiler plant and a power plant is the production of steam 
and/or power. There is nothing to be gained by costing the boiler house or the 
power house. We want to know the cost of the steam and the available power. 

If the power used by the boiler auxiliaries be ignored, the costing becomes 
much simpler. 

Let x' = cost of one unit of steam ignoring auxiliaries. 
y = cost of one unit of net power. 


X = 


y = 


B 

S 

P + 


(V) 

(Vi) 


By equation (v) the external expenditure of the boiler house is divided by 
the steam output and the steam cost per standard unit varies relatively slightly 
with the pressure and temperature at which steam is produced. Any increased 
maintenance or capital charges incurred by the generation of very high pressure 
steam will fall on the steam cost. 

By equation (vi) the higher the boiler plant falutes the smaller E — a 
becomes, whereas P and e do not vary very much, rising only slightly with 
increased falution. Were the boiler plant to become so high-brow that a 
almost — E, approaches infinity and we realize that we have installed a 
crazy plant. 

By using equations (i) and (iv) we can operate a lunatic plant where the 
boiler house uses all the power we can produce yet the power costs appear low. 

By using equations (v) and (vi), that is by costing the net power output and 
ignoring the boUer auxiliaries, we bring out a most important point in the 
planning of back pressure plants ; a point that is often overlooked. The more 
power we try to generate by raising the boiler pressure, the more power is 
taken by the boiler auxiliaries, and there may come a point ^vhere there is no 
net gain in available power. 

By ignoring the auxiliaries and costing the net power output, all the 
additional power costs of a higher pressure boiler plant fall on power generation, 
as indeed they should on a balanced back pressure plant. 

Now what is sauce for the back-pressure-electrically-driven-auxiliary goose 
should be sauce for the simple heating-boilcr-steam-drivcn-auxiliar)’^ gander. 

Let us cost a simple boiler plant on its gross steam output and charge it with 
the steam used to drive its auxiliaries. 


Let B ~ 
S == 
a — 

X = 


Cost of operating the boiler plant excluding energy' for auxiliaries. 
Gross units of standardised steam produced. 

Units of steam used by auxiliaries. 

Cost of one unit of gross steam output. 


Then 


B 4 * ^ ^ 
S 


(vii) 
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S X = B + a X 
S x — a: = B 



But S — = net steam output and B is the expenditure excluding 

auxiliaries. So we see that costing on the gross steam output and debiting 
the steam driven auxiliaries is the same as costing the net steam output and 
ignoring the auxiliaries. 

The reason why the auxiliaries can be ignored is because their energy 
consumption circulates round and round the plant. This does not apply to the 
energy taken from the steam by the power plant. 

Some examples have been worked out for a case with back pressure power 
plant with electrically driven boiler auxiliaries. 

First using the method with equations (i) and (iv) where the gross steam 
output and the gross power output are costed, and where the cost of power 
to the auxiliaries is debited to the boiler plant. 


Second using equations (v) and (vi) where the boiler auxiliaries are not 
charged to steam, and power is costed on the net output by deducting the 
power taken by the auxiliaries from the gross power output. 


In each of these two cases three examples are taken. 

(1) Process steam requirements 
Factory power demand 
Boiler auxiliaries take . . 

(2) Process steam requirements 
Factory power demand 
Boiler auxiliaries take .. 

(3) Process steam requirements 
Factory power demand 
Boiler auxiliaries take .. 


100,000 lb./hr. 
3,000 kWh. 
300 kWh. 
80,000 lb./hr. 
3,000 kWh. 
750 kWh. 
100,000 lb./hr. 
4,000 kWh. 
750 kWh. 


For exemplary simplicity it will be assumed that the boiler house cost B, 
excluding auxiliaries, varies directly with the steam output and that the power 
house cost P excluding the energy taken from the steam varies directly with the 
power output. 


It is assumed that standardised steam contains 600 CHU (1,080 Btu). 

It is assumed that the power plant takes energy out of the steam equivalent to 
lo per cent, more than the electrical equivalent of heat. 

It will be seen that by debiting the auxiliaries to steam the effect of elabora¬ 
tion of the boiler plant is to leave the power cost virtually untouched while the 
cost variations are carried by the steam. Where the boiler auxiliaries are 
ignored in steam costing, and the power used by the boilers is deducted from 
the gross power output, the cost of steam remains virtually constant and all the 
power-using boiler house frills are charged to power. Probably the really 
correct method is to debit to steam such a power charge as would be needed 
to operate the auxiliaries of a low pressure boiler plant generating process 









COSTING 


§ 676-678 

Steam only. Any extra power used in the boiler house due to the generation of 
power would not be debited to steam but would be deducted from the power 
plant output. This is the only way in which it can be seen whether it were 
better to buy some or all the power, or to generate it. 

Costing Gross Steam Production Costing Gross Steam Production 

Costing Gross Power Production Costing Net Power Production 
Debiting Auxiliaries to Steam Ignoring Auxiliaries 

Equations (i) and (iv) Equations (v) and (vi) 



(0 

(2) 

(3) 

(I) 

(2) 

( 3 ) 

B (pence) .. 

= 4,000 

3.338 

4,180 

4,000 

3.338 

4,180 

P (pence) .. 

540 

614 

777 

540 

614 

777 

S(xioMb.) 

“ 11*148 

9*304 

11-652 

ii•148 

9 304 

11*652 

E (kWh) 

3,300 

3,750 

4.750 

3,300 

3,750 

4,750 

e (x io*lb.) (heat b2isis 
sec Section 679) 

1 

CO 

1*304 

1-652 

I • 148 

1*304 

1*652 

a (kWh) 

- 300 

750 

750 

300 

750 

750 

X (d. per unit) 

367 

383 

378 

359 

359 

359 

V (d. per kWh) 

-291 

*295 

•295 

•317 

•361 

•343 

Total expenditure 

B -1- P 

= 4,540 

3,952 

4.957 

4,540 

3,952 

4,957 

Costed net output 
(S — e)x -h (E — a)y 

= 4,543 

3,949 

4,960 

4,541 

3,955 

4,962 


In Cost Sheet A on page 686 it will be seen that there is a very small charge 
for electricity service. This was for power bought from the supply company 
at week ends. The power used by the auxiliaries and generated by the factory 
power plant is ignored. 

677 . OVERHEADS AND DEPRECIATION. These are important charges 
and should be suitably allocated to any service just as to any other part of the 
factory operations. No attempt will be made here to suggest how best the 
allocation of these two items should be done. Everyone has their own ideas, 
and the allocation of these charges is largely a matter of opinion and varies with 
the general financing policy and methods of the concern. 

678 . SHORT-TERM COST COMPARISONS. Costs taken out weekly will 
show considerable variation, and it is generally not possible to say with certainty 
that one week, whose figures come out less than those of the previous week, 
is really better than the other. One of the principal causes of these inaccuracies 
is in the estimation of stocks ; in the case of steam costs, the estimation of coal 
stock either in the bunker or on the coal heap. If the costs are taken out over 
longer intervals they will be much more reliable but a long delay will occur 
before they are available. They should therefore be taken out at the most 
frequent possible intervals, say weekly, and the results should be cumulated, 
either over the current financial year or half-year, or a moving average can be 
kept. Then by comparing the weekly results with the average, a consistent 
improvement can be detected even if there are local irregularities. There arc 
other reasons for taking out the costs as frequently as possible—these reasons 
will be discussed in a minute. 

While we found it essential to compare actual heat consumption with a 
bogey figure, it is equally desirable that actual costs should be compared with 
a bogey. This bogey is usually called the “ Standard Cost and it can be 
obtained in a similar way to any other bogey. 
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679 . CHARGING STEAM TO USERS. In Sections I20, 566 and 567 
the debiting of heat to back-pressure and pass-out power has been discussed. 
For the proper costing of heating or power the proper share of the whole 
steam cost is required, not just the heat equivalent. 

This applies to the ascertainment of the actual expenses that are being 
incurred, so as to get the true costs for accountancy purposes. If, however, a 
scheme is being considered for saving steam or power, it can legitimately be 
argued that the “ fixed ” costs must be ignored, and that the only costs that 
can be considered are those that are “ marginal ”—namely those that vary 
directly with the consumption. The split between fixed and marginal costs 
can only be found by regression analysis, which is dealt with in Sections 680-689. 

Steam is used either for producing power or for providing heat. If the 
steam goes only to a power generating machine, or only for heating, no 
difficulty arises. Steam can be costed at so much per lb., per 1,000 lb., per 
10,000 lb. or per ton, and the metered steam is debited to the user. 

Complications immediately arise when the same steam is used for power 
production and then for heating, or for power production in two machines, 
one exhausting into the other. 

It can be argued that, heat and energy being mutually convertible, the 
straight costing of heat to users is the right method. There is no doubt that 
this is the only justifiable method in a straight back pressure plant where the 
power load can easily be met by the back pressure machine. Where pass-out 
machines are used it may be convenient to cost steam on a power-energy basis, 
because this method gives a cost figure which can be used to prophesy the 
effect on cost of an increased or reduced power or steam demand. It does not 
give the true cost of steam or power, but only the effect of a change of usage 
when operating part condensing. 

The various methods will now be discussed. 

Heat basis. The amount of heat put into the steam in the boiler is found, 
and these heat units are costed cither as lbs. of standardized steam (say from and 
at 212° F.) or as therms. The quality of the steam into and out of the users is 
found, whence their actual heat consumption is ascertained and debited in 
suitable proportions. 

Adiabatic basis, A sink or final temperature is taken and the adiabatic heat 
drop from the initial steam state to the final steam state at the sink temperature 
is debited to the first user. The adiabatic heat drop from the exhaust of the 
first user (at the initial entropy) to the sink temperature is credited to the first 
user and debited to the second user, whether it be a power machine or a heating 
process. 

Available energy basis. A reasonably attainable sink or final temperature is 
taken, and the adiabatic heat drop from the intial steam state to the final sink 
pressure is debited to the first user. The exhaust of the first user is calorimetered 
and the adiabatic heat drop from the actual exhaust state (at its actual exhaust 
entropy) to the sink pressure is credited to the first user and debited to the 
second user. 
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Examples — 

Suppose wc have a colliery winding engine exhausting to atmosphere. The 
steam supplied to this engine has a certain available power-energy only some of 
which is used by the engine. If the engine were made to exhaust to a condenser, 
much more of the available energy would be used and the steam consumption 
would consequently drop. Another way of making more use of the available 
power-energy is to exhaust the engine into an exhaust or mixed pressure turbine. 
Another way of making use of the heat in the exhaust is to use it for a heating 
process, for example for heating pit-head bath water. 

Data — 

Assume steam is raised at 
at a temperature of 
*with a total heat of 
*and an entropy of 

Assume the engine exhausts at .. 

If the entropy remained at 
♦the total heat in the exhaust would be 
and the adiabatic heat drop A — B 

But suppose the actual heat in the exhaust is 
found by calorimetry to be 
♦with an entropy of 

The real heat drop is A — D 

Showing an efficiency ratio of 

If the final sink pressure is 
with a temperature of .. 

♦At I • 600 entropy the total heat is 
Adiabatic heat drop from 15 psi is B — F 
♦At 1-714 entropy the total heat is 
Adiabatic heat drop from 15 psi is D — H 

Suppose the actual heat in the turbine exhaust is 
found by calorimetry to be 
the real heat drop is D — J 

showing an efficiency ratio of.. 

♦ Read off the Mollicr Chart. 

Assume steam costs 5.r. per ton. 

The cost allocation based on i ton of steam will now be investigated. 
Example 1 . 

The winding engine exhaust is sent to the pit-head baths. For simplicity 
wc will assume that the exhaust heat provides exactly the amount of bath heat 
required and that there is no loss between engine and bath. In order to get 
our bath heating process exactly comparable with the exhaust turbine in 
Example //, it will be assumed that the incoming cold bath-water is heated to 
86® F. by heat exchange with the outgoing bath drain water. 
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180 psi.a. 

440° F. 

1,237-3 Btu/lb. A 
I -600 

15 psLa. 

I -600 

1,045-8 Btu/lb. B 

= 191-5 » C 

1,122-4 Btu/lb. D 

1-714 

= 114-9 „ E 

60 per cent. 

28| in. vacuum 
86° F. 

871 *2 Btu/lb. F 
= 174-6 „ G 

932-8 „ H 

= 189-6 „ I 

989-7 Btu/lb. J 
= 132-7 „ K 

70 per cent. 
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(a) Heat Basis 

Measured heat drop across engine, E .. . . i ^ 4*9 

Gross heat in engine exhaust, D . . 1,122 *4 „ 

Temperature of input bath water . . .. 86*^ F. 

Available heat to baths, .. 1,122*4 “ 3^) ^ 15068*4 Btu L 

Cost to engine .. --^^7^— 5 /“ ^ 

114*9 + 15068*4 

Cost to baths . . -— X 5 /- — 4 / 6 * 171^ 

114*9 + 1,068*4 

(b) Adiabatic basis 

Adiabatic heat drop across engine, G . . . . 191*5 

Adiabatic heat drop from B to F = G .. 55 

Cost to engine .. --- 5/- = 2/7-385 

Cost to baths .. 12 ^^- X 5/--- 2/4-615 

191-3+174-6 

(r) Available energy basis 

Energy to winder, A — F - I . . . , . . - 176*5 Btu 

Energy to baths, I .. .. .. . . 189*6 ,, 

Cost to engine .. . ^ ^^-5 X 5/-= 2/4-927 

176-5 -t- "69-6 

Cost to baths .. — - —- x 5/-— 2/7-073 

{d) Live steam to baths ,—Suppose the baths had previously been heated 
with live steam 

Bath heat needed, L .. .. , . .. i ,068 * 4 Btu 

Available heat in live steam. A- (86 — 32) . . 1,183*3 Btu .. M 

t 1 I %o68 * a 

Cost to baths . . ., —^ x ~ 4/6* 174 

1,183-3 

(e) Free bath heat .—Suppose there had previously been no baths. The 
management might legitimately say ; “ We can heat bath water 
for nothing, so let’s build baths 

Let us tabulate the foregoing five cases for comparison and discussion. 




Winding 

Bath 



cost 

cost 

{a) Heat basis 

. , 

-/5-826 

4/6-174 

(Jb) Adiabatic basis 

. . 

2/7-385 

2/4-615 

(c) Available energy basis 

. . 

2/4-927 

2/7 073 

{d) Live steam for baths 

. . 

5/- 

4/6-174 

(e) Free bath heat 

• • 

5/- 
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Now it seems quite legitimate to argue that basis {e) is correct. In order to 
get coal it must be wound, but baths, however desirable, are not essential. 
On the other hand, a progressive management might well say : ‘‘ Baths are 

essential. We used to operate basis {d). By using exhaust steam we are bcne- 
fitting both winder and baths. Let us split the saving proportionally over 
each 


{d) Engine cost .. 5/- Bath cost .. .. 4/6*174 

Total saving . . 4/6 • 174 

Saving pro rata to (rf) 52/4* 469 2 /1 • 705 


Net engine cost .. 2/7 *531 Net bath cost . . 2/4*469 


We see that the adiabatic basis {b) very nearly effects this split, in this 
particular case. 

Again the Baths Committee might say : “ We want hot bath water, but 
we don’t care whether w^e buy live or exhaust steam—the heat is worth the 
same to us If they bought winder exhaust the proceeds would surely be 
credited to winding, which is basis {a). 

It is clear from the foregoing that, in this particular plant at any rate, it is 
quite impossible to lay dow^n any categorical basis for charging steam cost to 
users. Each concern must decide the most logical basis to suit local circum¬ 
stances. 


Example IL 


Take the same colliery but let the winding engine exhaust into 
turbine. 

an exhaust 

(/) Heat basis. 

Actual heat drop across engine, E 
Actual heat drop across turbine, K 

114-9 

132-7 » 

Cost to engine , .-- 

" 4-9 + *32-7 

X 5/-=2/3-843 


Cost to turbine .. - 2 - 

114*9 + 132*7 

X 5/-=2/8-157 


{g) Adiabatic basis —as in {b). 

(A) Available energy basis —as in {c). 



Tabulating for comparison :— 

Winding 

cost 

Turbine 

cost 

(/) Heat basis 

(g) Adiabatic basis 

(A) Available energy basis 

• 2/3-843 

• 2/7-385 

- 2/4-927 

2/8-157 

2/4-615 

2/7-073 


It will be seen that in this example there is not a great difference between 
any two methods. All kinds of arguments can be advanced for or against any 
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one method. It might however be agreed that basis {f) shows what is actually 
happening. 

Examples III, IV, V and VI. 

Assume now that the same boiler plant as hitherto is supplying a process 
factory which requires power, and heating steam at 15 psi.a. When the 
power and process loads are in exact balance the conditions are as in Example I. 
We will assume that the factory has a pass-out turbine (we will neglect the 
steam that must always be passed through the low pressure end to keep it cool) 
and we will vary the power and process loads up and down separately. 


Example III — 

Power load reduced by 25 per cent. 

State before change as in (a )— 
Power load 
Process load, L.. 

New state— 

Power load 
Process load 


114*9 Btu 
1,068 *4 „ 

86-2 „ 
1,068 "4 „ 


Of the process load only three-quarters can now be supplied by exhaust 
steam, so that live steam must be used to provide 

1,068-4 X *25 = 267-1 .. N 

N 267 * I 

Weight of live steam — = —^- = • 2256 

Net steam saving is *25 — *2256 = *0244 

Money saving is *0244 X 5/“ = -'/i’464 


Now, if we wish to foretell the effect of reducing the power load by 25 
per cent., we would surely favour any costing system which shows J of the 
original power cost equal to -/i *464. 

i Power Cost 

(a) Heat basis .. .. .. .. -“/i *457 

(i) Adiabatic basis .. .. .. .. -/7*846 

(c) Available energy basis .. .. .. -/7*232 


It will be seen that the heat basis gives almost the right answer, while the 
two energy bases are right off the map. 


Example IV — 

Process load reduced by 25 per cent. 

State before change as in a — 

Power load 
Process load 

New state— 

Power load 
Process load 


114*9 
1068*4 „ 

ii4’9 
801-3 .. 
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Only i of the power can now be generated back pressure. The remainder, 
114 *9 X *25 = 28*7, must be produced condensing. The total condensing 
heat drop is E + K = 247 • 6. 


. •. 28-7 will call for 


28-7 _ 

- — = • 11 <iQ tons .. O 

247-6 


The total steam saving is *25 — -1159 = • 1341 tons 


worth 


•1341 X 5/- = ~/8-046 


Let us take J of the process cost in the three cases :— 

J Process Cost 

(a) Heat basis .. .. .. .. .. i/i -544 

(b) Adiabatic basis .. .. .. .. -/y-154 

(r) Available energy batsis .. .. .. “/7*768 


Here we see that the heat basis is out of the running and that the available 
energy basis gives the nearest figure. The heat basis will give the correct result 
if the increased power cost is deducted from the apparent process saving. 


Example V — 

Power load increased by 25 per cent. 

As the process requires no extra steam, all the extra power must be produced 
condensing. 

Before the change—as in {a )— 

Power load . . .. . . . . 114*9 Btu 

Process load .. .. .. .. . . 1068-4 „ 

New conditions— 

Power load .. .. .. .. .. 143*6 » 

Process load .. .. .. .. .. 1068-4 „ 

I'he additional 28-7 of powxr will call for an extra steam consumption of 
• 1159 tons —see O—costing 

•”59 X 5/- = -/ 6 - 954 - 

I Power Cost 

(а) Heat basis . . . . . . . . . . ~/i *457 

(б) Adiabatic basis .. .. .. .. 

(c) Available energy basis .. .. .. -/7-232 

Again the available energy bcisis gives the closest estimate. 


Example VI — 

Process load increased 25 per cent. 

The whole of the extra heat must be supplied by live steam through a reducing 
valve. 

Before the change—as in {a )— 

Power load .. .. .. .. 1 14*9 Btu 

Process load .. .. .. .. .. 1068-4 » 
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New conditions— 
Power load 
Process load 


114-9 
» 335-5 » 


Extra steam cost 


133 5-5 - 1068 -4 
1237-4 — 54 


(a) Heat basis 

(b) Adiabatic basis 

(c) Available energy basis 


X 5/- 1/1-459 

] Process Cost 

. I/I-544 

. -iT'^bA 

. -/ 7-768 


In this case the heat basis gives almost the correct estimate, and the two 
energ\’ methods are right out of it. 

Let us collect the conclusions from the foregoing examples and set them 
against the operating conditions. 

Nearest Costing 
Method 


Example III. 
Example IV. 
Example V. 
Example VI. 
Example II. 


Power reduced 25 per cent. 
Back pressure generation 
Process reduced 25 per cent. 
Part condensing generation 
Power increased 25 per cent. 
Part condensing generation 
Process increased 25 per cent. 
Back pressure generation 
Two power machines 


Heat basis 

Available energy 

Available energy 
Heat basis 

Any basis 


We see that operating in such a way as to generate without any condensing, 
by purely back pressure working, the saving or loss in money incurred by 
a change of load can be approximately obtained by multiplying the units of 
power or process steam in question by their cost on the heat basis. But where 
operating pass-out, with part of the power produced condensing, the nearest 
answer is obtained by using the available energy basis. Before deciding whether 
to adopt this classification for choosing our costing method, there are certain 
points to be considered. 

When costing on the heat basis all the savings secured by the combined 
generation of power and the supply of process heat accrue to power generation. 
On the heat basis the cost of steam remains substantially constant. 

When costing on the energy basis the power costs per unit remain roughly 
constant whatever plant is used, whether condensing, pass-out or back pressure, 
while any savings resulting from back pressure or pass-out working accrue to 
the exhaust steam. 

Now the choice before a factory is almost always between generating or 
buying power. It is seldom or never that a factory has the choice of buying 
or producing steam. It would seem therefore that a costing system should be 
chosen which will show the savings on power so that its cost compared to 
bought power can be continually viewed. 
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By using the energy basis all the power is costed as if it were produced 
condensing, although much or most of it may have been generated back 
pressure. But, in a pass-out plant, where a fair proportion of the power is 
produced condensing, the marginal cost must be the condensing cost, so that 
the energ[y basis gives us quickly and easily the figure we want for prophesying 
the effect of a change of load. The real cost of pass-out power varies very 
greatly according to the power output and/or the pass-out steam demand. 



FIG. 384. WILLANS LINES FOR CONDENSING TURBINE 
PASSING OUT 80,000 LB. STEAM/iIOUR 


There may often be an essential difference between costing for planning and 
costing for costs. The matter is important and not at all easy. Fig. 384 gives 
us a basis for discussion. The diagram shows the Willans Lines of a machine 
on a lb. steam/power output basis—plain line, and a real heat consumption/ 
power output basis—broken line. The machine considered is a pass-out con¬ 
densing turbine with a capacity of 3,500 kW. It is assumed that the process 
demand is constant at 80,000 lb./hour. 

When working back-pressure, A B is the Willans liije having the. form ula ;— 
Steam consumption = 29,000 -}- (23 • 5 X kW) 

From B to C the machine operates condensing with an incremental or 
marginal steam consumption of 15 lb./kWh. Over the back pressure range 
from A to B the marginal steam consumption is 23’5 lb./kWh. 
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When working back-pressure the only heat really used by the machine is the 
electrical equivalent of heat plus the small radiation and gland losses, line X Y. 
Although the steam consumption is high most of the steam heat goes to process. 

When working condensing, from Y to Z, although the steam consumption 
is much less, the whole of the steam heat must be charged to the machine. 
The marginal condensing steam consumption is about 64 per cent, of the back 
pressure steam marginal consumption, but the heat consumption when working 
condensing is nearly six times the back pressure heat consumption ; and for 
costing it is the heat consumption that we must deal with. 

The following tabulation will enable the problem to be more easily 
studied :— 


Load Steam Consumption Heat Consumption 



Total 

Average 

Marginal 

Total 

Average 

Marginal 

kW 

Ib.jhr. 

lb. 1 kWh 

Ib.jkWh 

Btu ! hr. 

Btu 1 kWh 

Btu 1 kWh 

0 

29,000 




600,000 




500 

40,750 

8 i- 5] 



2,350.000 

4,700^ 



1,000 

52,500 

52-5 1 


23-5 

4,100,000 

4,100 1 


3,500 

1,500 

64,250 

42-8 1 

> 

5,850,000 

3,900 1 

> 

2,000 

76,000 

38 J 



7,600,000 

3,800 J 



2,500 

85,000 

34 ] 

1 


15,000,000 

6,000 '] 

[ 


3,000 

92,500 

30*8 1 


15 

25,000,000 

8,333 

1 

20,000 

3.500 

100,000 

q8-6J 

1 


35,000,000 

10,000 J 

1 



Now suppose the machine is running on a load of 3,000 kW, passing out 
80,000 lb./hr. The true cost of heat to each kWh is 8,333 the 

figure that must be used for finding the cost of power. But suppose the manage¬ 
ment are discussing a plant change that will increase the load by 500 kW, 
they must consider either, that the whole of their power will now call for 
10,000 Btu/kWh, or, that the new machine will call for power at 20,000 
Btu/kWh. The last method is the simpler and the less likely to lead to error. 
A decision can then be reached on whether the new machine is justified. 

Now comes the rub. The heat cost of all the power will be increased from 
8,333 to 10,000 Btu/kWh. Is the new plant to be charged with power at 
20,000 Btu/kWh and the old plant at 8,333 > whole plant to be charged 

at 10,000 Btu/kWh ? The author favours the latter, because discrimination 
between one user and another will lead to a mass of complication. 

When power costs are taken out on the available energy basis all the power 
will have been charged at 20,000 Btu. This is quite wrong for costing, but 
very convenient for planning. On an available energy basis the power cost 
over line X Y in Fig. 384 would have been cliarged at 20,000 Btu when in fact 
the marginal heat is 3,500 Btu/kWh. 

When costing on the energy basis it is very likely that a small plant may 
show the cost of back ptessure power equal to that of bought power, while the 
cost of back pressure steam will appear little more than half the cost of virgin 
steam. We thus have i kWh of grid power costing say irf., and i kWh of 
back-pressure generated power costing say id. These are identical as to both 
energy and cost and should be interchangeable. But the immediate result of 
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replacing works-generated power by grid power would be to increase the cost 
of the process steam by about 80 per cent, (in the example on page 695 the 
steam cost would jump from about 25. 6rf. to about 4-y. 6rf.). Any costing 
system which gives such curious effects is surely open to question. But in spite of 
this serious objection there are certain advantages possessed by the energy basis. 

The energy basis has the property of foretelling the effect of load change in a 
condensing plant. It also puts a relatively higher value on high pressure steam 
than on low pressure steam. This is, on the face of it, a good quality, but it is 
sometimes incorrect. Suppose the process is evaporation that can be adequately 
done by 10 psi steam. Why should 100 psi steam be valued any higher than 
10 psi steam apart from the extra 2J per cent, of heat that 100 psi steam 
contains ? It is argued that 100 psi steam could be used in multiple effect 
where 10 psi steam could not. This is quite true but this is not costing, it is 
planning. It might indeed happen that high pressure steam was much less 
suitable than low pressure steam. Suppose the steam is being used for space 
heating an explosives factory. Owing to the wide dispersal of the plant it does 
not pay to return condensate. Therefore only the latent heat of the steam is 
available. Why should high pressure steam be given a greater value, when, 
in fact, it contains less available latent heat ? 

The energy basis more or less ignores latent heat. Where the use of latent 
heat is of great importance, as in any heating process, it is essential that the 
latent heat be costed. 

The energy basis possesses another possible danger. Suppose the steam is 
going into a condensing power plant. Each pound of steam may contain 
400 Btu of available energy. The power plant may convert 320 Btu into power 
and the energy costing system will show an efficiency of 80 per cent. But 
we know the efficiency of a condensing power machine lies between about 
25 per cent, and 35 per cent. 

There are pitfalls in costing steam to users on any basis. Provided the 
coster’s eyes are really wide open it probably does not greatly matter which 
system is used. The ideal system has not yet been published, if indeed it exists. 
If one factory that requires and generates power but needs no heating, and if 
another factory, that requires a lot of heating but needs no power, get together 
and build alongside each other both can greatly benefit. If two such factories 
agree to operate jointly, the steam-using factory will instal a back pressure plant 
and will send current to the power-using factory. If the Available Energy 
system is used the steam will be raised extremely cheaply and the power costs 
will remain almost the same as in condensing operation. If the Heat Basis is 
used for costing the power will appear very cheap and the steam-using factory 
will be charged about the same for exhaust steam as it paid before for raising 
steam. There seems no simple method of fairly sharing out the savings between 
the two factories. The author believes that the Heat Basis is the soundest 
method. It does at least show what is actually happening. But the costs 
for both power and process steam must always be taken out together in a 
pass-out plant, and for prophecy the costs must be worked out for many 
different loads and pass-out steam demands. 

The three methods of costing power can easily be compared by referring 
to the elementary Mollier Diagram, Fig. 384A« 
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Adiabatic Basis — 

A — B = Adiabatic heat drop from 180 psi.a. to 15 psi.a 
A G = 5, 55 55 180 55 ^ 55 sink. 

A — B is charged to first machine. 

B — C 55 second machine or process. 



FIG. 384A. 


Heat Bash — 

A -- D'= Real heal drop from 180 psi.a. to 15 psi.a. 
j) F = 5) sink, 

A — D' is charged to first machine. 

D' — F' 55 5, „ second machine, or 

D' — Sensible Heat at sink temperature is charged to process 

Available Energy Bash — 

A ~ C = Available energy in 180 psi.a. steam. 

F =— 5, 55 55 15 55 jj 

A — C — (D ~ E) is charged to first machine. 

D — E is charged to second machine or process. 

Now D -- E = D' - E' 

so that A - C ^ (D E) = (A ^ D') + (E' ~ C) 

But A — D'= Real heat drop across first machine, 

and E' — C = Loss of energy caused by entropy increase over first machine. 

Having decided on the basis upon which steam is to be charged to power 
generation5 it may be possible to debit the steam correctly to power without 
relying on steam meter or regular calorimetries. 

Returning from this long digression on power costing, we will now consider 
an actual power costing case, using the heat basis 
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It is often possible to find one equation which will give the cost of power at 
varying loads with considerable accuracy. 

In Section 120 the turbine in the author’s factory was shown to be using 
71,700 X 123 ~ 8,819,100 Btu/hr. on the heat basis 

for a load of 2,280 kW, equivalent to 

2,280 X 3,415 = 7,786,200 Btu/hr. 

. •. Loss 1,032,900 Btu/hr. 

The Willans equation (see Section 121), if the losses are constant, must 
therefore be :— 

Steam heat needed == (1,032,900 X hours) + (3,415 X kWh) Btu. 

As the losses will increase slighdy as the load goes up, due to higher pressures 
and temperatures causing larger leaks and greater radiation, it is probably fair 
to cook the equation thus :— 

At 2,280 kW At all loadd {S) 

(1,032,900 X hours) + (3,415 X kWh) = (839,000 X hours) + (3,500 X kWh) Btu 

If several calorimetries and sleam/power measurements can be taken at 
different loads the exact equation can easily be obtained by plotting the Willans 
line. 

It is not possible in the author’s factory to take tests at different loads 
because the day load fluctuates too greatly to allow good figures to be got and 
the steady night load is pretty constant for months at a time. 

Steam in this factory is costed “ from 60® F. at 212° F.”, so that i lb. of 
costed steam contains 1,123 Btu. 

The costed steam to be charged to electricity is therefore obtained by 
dividing ilie expression {S) above by 1,123 which gives :— 

Steam for electricity generation = (747 X hours) + (3*117 X kWh) Ib. 

I’his equation, once obtained, can be used for a long period and need only 
be changed if the conditions change, such as the overhaul of a turbine or a 
large change in average load. Occasional checks, twice a year or so, should be 
done to ensure that leaks or radiation have not increased unnoticed. 

Cost Sheet B, on page 704, shows the costs of electricity generation in the 
author’s factory for the same period as the steam costs shown in Cost sheet 
A, on page 686. The steam cost is related to power generation on the heat basis 
as this back pressure plant is in power/steam balance. 

It will be noticed in Cost Sheet B that the single week shows markedly 
cheaper cost than the five-month period ; and in Cost Sheet A no electricity 
is charged to steam in the single week. The reason for both these things is 
that the factory worked through the week-end of the single week without 
shutting down. This naturally caused an increase in overtime labour, but the 
total costs arc below normal due to the continuous run. 

As already explained the costing of pass-out electricity is more difficult than 
straight back pressure. The proportions of power to be credited to pass-out 
and to exhaust may be extremely difficult to assess. It is probably necessary 
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Process —^electricity generation Code No. 141 


Unit — i,ooo kwh 





cumulative 

NET OUTPUT, 437 UNITS 

one week ended 
SEPTEMBER 10, 1939 

22 weeks 

1 23 WEEKS 

EXPENSE 

£ 

PENCE/unit 

i 

pence/unit 

PENCE/unit 

Labour 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

Incidentals . 

Overtime. 

21 000 

11*533 

11*070 1 

11-087 

3*380 

5*004 

1*856 

2*748 

1*736 

2*279 

1- 739 

2- 298 

Total Labour 

29*384 

16-137 

15-085 

15*124 

Material 




1 

1. 

2. 

3. 

1 

1 



, 1 

Total Material .... I | 

Maintenance Allocation 

1. Labour. .. 

2. Incidentals .. .. { 

3. Material . 

1 17*652 

> 2*294 

8*939 

9*694 

1*260 

4*909 

9*757 1 
1*268 1 
5*244 

9*750 

1*267 

5*227 

Total Maintenance .. .. 

28-885 

15*863 

16-269 

t 16-244 

1 

Services 

1. Vac. and hydr. power 

2. Water 

3. Steam . 

4. Electricity 

5. Remelting 

6. Inside transport 

1 

153*119 

[ 

j 84*093 

i 

87*290 

‘ . i 

87*069 

Total Services 

153*119 

84-093 

87*290 1 

87 069 

Direct Cost .. 

211*388 

116*093 

118-644 

118-437 

Overhead Allocation 

10*921 

5*998 

6*646 

6*614 

Depreciation 

40*484 

22*234 

22*814 

22*778 

Total Refinery Cost .. 

262*793 

144*325 

148-104 

147*829 
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to calculate the steam to be debited to power every week in the way shown in 
Section 567. There it was shown that, in the example given, with 100,000 lb. 
steam/hour put into the turbine and 20,000 lb./hour passed out, the net steam 
to be debited to the 7,500 kW generated was 81,838 lb./hour, or 10*89 lb./kWh. 

If, in that factory, steam were costed ‘‘from and at 212® F.” the actual 
steam debit must be converted to costed steam by multiplying by 1,197, the 
heat added in the boiler, and dividing by 971, the latent heat at 212® F. The 
costed steam to be charged to power would then be 


10*89 X 1,197 

971 


13*42 lb./kWh. 


It has been so far assumed that it is possible to get a true average sample of 
exhaust steam and do an accurate calorimetry. If the exhaust is very wet this 
may be unreliable. In cases where the measurement of exhaust quality is 
untrustworthy the steam heat to be debited to power should be estimated from 
Table XIV in Section 120, if the information cannot be obtained from the 
machine builders. 


Where there is no process heating but where there are back pressure 
machines exhausting to other turbines, the amount of steam charged to each 
machine should probably be based on the actual heat drop, though the use of 
the adiabatic heat drop will in such cases not introduce any very large error— 
the error may be no larger than that introduced in sampling and calorimetering 
wet exhaust steam. 


680 . VARIATION OF HEAT CONSUMPTION WITH OUTPUT. How 

many managers have been told by their staff that heavy steam or coal 
consumption was due to low output ? How is it possible for management to 
judge whether this is an excuse or a reason ? Simple statistical analysis will 
generally go a long way towards providing the answer. 

The heat consumption of most factories varies with output. To compare 
one week wdth another it is usual to express the steam or coal consumption as a 
figure per unit of output—so many lb. of steam per lb. output, so many lb. coal 
per gallon of output, etc. Even so, comparison is not possible if the output 
varies considerably because consumption per unit of output also varies with the 
output. The usual relationship between the tw^o is for the heat consumption 
per unit of output to fall with a rising output. 

The staff have no means of judging whether one week is an improvement 
on another except by searching through past records to find a number of weeks 
with the same output. This invariably results in an optimistic choice of previous 
weeks and to wrong conclusions being drawn. 

By plotting coal or heat or steam against output a series of points will 
result, and these points will be more or less scattered—see Fig. 385A. Such a 
chart is called a scatter diagram and consists of the total weekly output plotted 
against the total weekly steam consumption. 

Fig. 385A is the steam consumption in the author’s factory plotted against 
output every week during the period October, 1936 to March, 1937. A number 
of very interesting things can be seen by examining this diagram. The scatter 
is considerable, but there is a very pronounced trend from low left to high right. 
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Wc will consider the degree of scatter first. There were six weeks when the 
output was roughly 7,800 tons and the steam used varied between 32,700,000 
and 37,500,000 lb., a variation about the mean of 7 per cent. There were 
three weeks when the steam consumption amounted to roughly 32,600,000 lb. 
when the output varied between 6,200 tons and 7,840 tons, a variation about 
the mean of 11 per cent. This shows how dangerous it may be to make com¬ 
parisons of individual pairs of weeks. 



FIG. 385A. STEAM CONSUMPTION/output SCATTER DIAGRAM 


Now the trend of the points on the diagram shows that there is apparently a 
distinct relation between output and steam consumption and this relation could 
be found if we were to draw a straight line such that it passed truly through the 
scatter of points. If an attempt is made to draw such a line by eye no two 
persons would draw the same line. By the use of mathematical statistics the 
proper position and angle of this line can be calculated. Fig. 385a gives the line 
that calculation shows to be the line of l>est fit and it is found by using the 
mathematical trick called the “ method of least squares ”. No description of 
the theory of the calculation will be given here, only the actual arithmetical 
and algebraical method. Those who want to go more deeply into this most 
useful and interesting control tool should consult “ Regression Analysis of 
Production Costs and Factory Operations” by the authoi’s brother, Philip 
Lyle, published by Oliver & Boyd, Edinburgh. 

An examination of the line of trend of steam consumption with output, 
called by the statisticians the “ Regression Line ”, shows that it has its origin at 
zero output and a steam consumption of about 6,000,000 lb. I'his is the ‘ ‘ fixed ** 
steam that is used regardless of output and is the heat necTled to make up for 
radiation from those pieces of plant which are in operation regardless of the 
output ; the heat needed for heating buildings ; the heat lost at week-ends, 
during the start-up and shut-down and so on. 
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At zero output the steam consumption was about 6,000,000 lb. At an 
output of 10,000 tons the regression line cuts the steam consumption scale at 
about 45,000,000 lb. So that the useful, or ‘‘ marginal ’’ steam needed to turn 
out 10,000 tons was 45,000,000 — 6,000,000 = 39,000,000 lb., or 3,900 Ib./ton 
of output. Now we have read these figures off the diagram assuming that some 
superman had drawn in the line at the correct angle and at the correct height. 
Actually the formula for this line can be got by some simple arithmetic, and 
the formula is 

Estimated steam consumption = 6,246,197 + (SjSs^ X output 
in pounds per week in tons) 



iOOO 2000 3000 4000 SOOO 6000 7000 BOOO 9000 


X - WEEKLY OUTPUT TONS 

FIG. 385B. REGRESSION LINE 


681 . THE REGRESSION EQUATION. We will confine ourselves to 
scatters which can obvdously be fitted by a straight line. If it is clear that the 
line must be curved, more complicated methods are required. A straight line 
such as we are considering must have a formula similar to that given and which 
can be expressed algebraically as 

Y' -- + iX 

Where Y' is the total weekly steam consumption in lb. (or coal or therms) as 
estimated by the regression equation. 

a is the estimated fixed steam consumption that is used regardless of 
output. 

b is the marginal steam consumption per ton of output (or regression 
coefficient)—that is the amount of steam needed to produce an 
extra ton of output. 

X is the weekly output in tons. 
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The constants a and h which we want to find are given by the following 
equations :— 


b 

a 

Where X 

Y 
X 

Y 
N 
S 



Syx = SYX 

_ SYSX 


N 

= Y - AX 

= SX2 

(SX)a 

N 


is the output in any week. 

is the steam consumption in that week. 

is the arithmetic mean of all the weekly outputs. 

is the arithmetic mean of all the weekly steam consumptions. 

is the number of weeks. 

is an “ operator ” and means “ the sum of”. So that SY means 
the sum of all the Y’s. SYX means the sum of the products of 
all the pairs of X and Y. SX^ means the sum of all the squares 
of the individual X’s. (SX)^ means the square of the sum of all 
the X’s. 


These equations must be taken on trust—no attempt will be made here to 
explain, derive or justify them. 

Write down all the weekly outputs and the corresponding weekly steam 
consumptions as set out on page 709. 

Add up the two columns. This gives SX and SY. 

Divide these sums, SX and SY, by the number of weeks N. This gives 
X and Y. 

SX^ is the sum of all the squares of the individual outputs or Xs. These 
squares can either be found from a table of squares or, preferably, taken out 
on a calculating machine. If a machine is used each square can be left on the 
machine without clearing and the sum of the squares will be found at the end. 

SYX is the sum of all the products of the pairs of X and Y. Again, if these 
are left on the machine they will accumulate to the sum. 

Use as many significant figures as the size of the machine will permit. 

The calculation on page 709 shows that our estimate of the steam con¬ 
sumption will have a fixed weekly consumption of 6,246,197 lb. and a 
marginal consumption of 3,852 lb. per ton of output. 


682 , CORRELATION. The regression line found by the foregoing statistical 
analysis is drawn through the scatter of points in Fig. 385B. As far as the eye 
can see there docs appear to be a definite relation between steam consumption 
and output, and the regression line looks well enough. There is, however, a 
possibility that the apparent relation may be due to chance and not to any real 
relation. Even if there is a relation its practical reliability must depend upon 
the degree of scatter. If the scatter were very much greater than that shown 
in Figs. 385 we could still calculate the regression equation but its value as an 
indication of the true relation would be much less. 
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N = 26 


X 

r 


Weekly 

Weekly Steam 


Output 

Consumption 

Tons 

10,000 lb. 


8,219 

3.731 

Sv. - SYX . . SYSX 

8,084 

3,837 

N 

8,653 

3,985 

Sa -2 — SX* — 

8,421 

4,026 

N 

8,546 

4,009 

SYX = 690,222,009 

8,732 

4,071 

SYSX = 17,658,889,884 

9,047 

3,853 

SYSX/N = 679,188,072 

8,428 

3,887 

Syx = *1,033,937 

SX- = 1,477,046,244 

7,814 

3,580 

7,825 

3,629 


8,048 

3 , 7*3 

(sx)= = 37,658,507,364 

5,064 

2,348 

(SX) 7 N = 1,448,404,129 

6,304 

2 , 79 * 

. •. Sxr = 28,642,115 

7,851 

3,415 

b = -38523471 

7,323 

3,276 


7,853 

3,259 

a = Y — bX 

7,785 

3,652 

= 2875*3034 

7,073 

3,526 

.*. a = 624*6197 

7,801 

3,744 


6,423 

3,155 

As the Y figures are in units of 

5,834 

2,885 

10,000 lb. the equation must be 
multiplied by 10,000. 

6,211 
6,717 

3,244 

3,603 

So that the regression equation 

relating steam consumption to 

8,039 

3,887 

output is 

5.699 

2,802 

Y' = 6,246,i97+3852X 

6,264 

3.090 



194,058 = SX 90.998 = SY 


7463 7692 = X 3499-923* = Y 




( 66233 ) 
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The worth or value that we can assign to a regression equation can be 
checked by finding what is called the Correlation Coefficient ” and testing 
its so-called “ Significance The correlation coefficient is a fraction the 
square of which indicates the proportion of true relation that the equation 
represents, the remainder being due to chance or error. 

The correlation coefficient is represented by the letter r and is found from 
the following formula :— 

We have already calculated Syx and S.y- 
N 

11.033.937 
121,747.765.719.969 

28,642,115 
323.499.792 

8,280,636,004 
318,486,000 

5013 79'^ (The method of Uiking out square roots 
’ ’ ' on a calculating machine can be 

‘847792^^ obtained from the makers of or 
*9208 agents for the machine.) 

Now = *85 indicates that of the total variation in steam consumption 
85 per cent, is due to change in output and 15 per cent, to other causes, including 
error. 

683 . SIGNIFICANCE. Now there is a difficulty. Suppose we had only two 
points. The regression line would pass through both and the correlation would 
be I -o, that is to say the correlation would be complete. But clearly a statistical 
investigation of two points is worthless. We have seen in Section 680 how in 
problems such as we are considering any two points are likely to have such 
chance variations as to make any comparison between them unreliable. Suppose, 
on the other hand, all our 26 points lay on a straight line. The odds against this 
being due to chance are so enormous that we should be justified in saying 
that the correlation was perfect and that the equation did exactly represent 
the relation between steam consumption and output. Clearly the fewer the 
points the less “ significant ” is the apparent correlation between the regression 
equation and the actual happenings. Whereas with ver)' many points we can 
take the equation relation as being reliable although the correlation coefficient 
is well below unity. 

Table LXXI is adapted from Fisher & Yates’ “ Statistical Tables ” and 
shows the minimum value of the correlation coefficient for different numbers 
of points such that the odds are 100 to i against the result being due to chance. 

The regression line n Fig. 385D was found to be correlated to the scattered 
points to the extent of • 921. The minimum value of the correlation coefficient 


sy = 
= 

= 

SY* = 
(SY)^ = 

(SY)VN = 

- 

and = 
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for 25 points for the odds to be 100 to i against the relation being due to chance 
is *506. So that we can say with confidence that the apparent relation is 
almost certainly not due to chance. 

TABLE LXXI. CORRELATION SIGNIFICANCE 


MINIMUM VALUE OF CORRELATION COEFFICIENT 
NUMBER OF POINTS SUCH THAT ODDS ARE 100 TO 1 AGAINST IT 

BEING DUE TO CHANCE 


•767 

641 

561 

•506 

464 

•425 

•402 

•380 

•362 


684 . WHAT REGRESSION TELLS US. Figs. 385 A and B show the results 
ol steam consumption compared to output in 26 winter weeks just before the 
big steam saving campaign got going in the author’s factory. It shows that the 
fixed steam amounted to 6,246,205 lb./week and that the marginal steam 
consumption was 3,852 lb./ton of output. 


N 
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FIG. 386. 

Fig. 386 shows the scatter diagram and legicssion line for the corresponding 
period three years later, when most of th^" planned economies had been put 
into effect. The marginal steam consumption has come down to 2,110 lb /ton— 
a very remaikablc ieduction—but the fixed steam has gone up to 6,520,000 lb./ 
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week. This slight increase was thought to be due for the most part to A.R.P. 
requirements, largely in the form of extra space heating, particularly at 
week-ends. 

Fig. 387 shows the results for the winter period, one year later. War-time 
fuel economy measures are showing themselves. Almost all the major process 
or marginal steam economies had been done by 1940, but in 1940/41 a big 
saving in fixed steam was secured by doing practically all the space and air 
heating by means of waste heat. 
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X-WEEKLY OUTPUT TONS 
FIG. 387. 


The saving in fixed heat is clearly seen in Fig. 387. In fact the full regression 
line which refers to all 25 points shows an almost incredibly low fixed heat. 
On the other hand the marginal heat has risen from 2,110 lb./ton in 1940 to 
2,910 lb. in 1941. This was thought to be due to difficulties caused by the 
disorganisation due to the Blitz. 

There is here a very interesting point. In Fig. 386 there is one point ringed 
that lies far outside the grouping of ihc others. There must surely be something 
wrong with this point, and should it not therefore be excluded ? But the 
factory records show nothing abnormal in that week, and if we start excluding 
weeks because we don’t like the look of them we are simply backing our fancy 
and might confine ourselves to straight guess-work. So this point must stay. 
But in Fig. 387 there are six points that arc ringed. These points look quite 
good ; they seem to lie nicely about the regression line. But in each of these 
weeks bombs fell inside the factory. There is therefore every justification for 
excluding them from the investigation in spite of their good looks. 

If these six points are excluded we get the broken regression line which has 
a fixed steam consumption of 2,370,000 Ib./week instead of 1,530,000 lb./ 
week and a marginal steam consumption of 2,740 Ib./ton instead of 2,910 
lb. /ton. We are certainly right to exclude the bomb weeks and the figures arc 
much more reasonable. Both the regressions are highly significant but the 
correlation coefficient for 19 weeks is only a little higher than for the 25 weeks 
and its significance is slightly less. 
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Why should the bomb weeks show rather lower figures on the whole than 
the normal weeks ? It would be reasonable to expect the reverse. The 
probability is that the staff were too busy clearing up the mess to bother about 
proper meter readings and the punctual changing of charts, so that there was 
probably some wishful metering. 



FIG. 388. 


Fig. 388 shows the next winter period with stable war-time conditions. 
Although the correlation is quite good it is not quite so high as previously. 
This is because the points are more bunched. The output variations were 
rare and relatively small. But the regression probably gives a fair enough 
picture of what was happening. 

We have seen that while it is very interesting to get from the regression 
equation the relation between steam consumption and output it is even more 
interesting to find out the proportions of fixed and marginal steam. The more 
bunched the points the less reliable must the regression equation be. Now the 
value of the fixed and marginal steam can only be found from the regression 
equation. No accountant or technologist can give us this figure, it is the 
monopoly of the statistician. In order to get a reliable regression equation it is 
clearly desirable to have as much variation in output as is reasonably possible, 
and as many points on the scatter diagram as possible. For this reason the 
figures should be taken out weekly rather than monthly. Although weekly 
figures are less reliable than monthly figures, the weekly output variations may 
well be smoothed out when taken monthly. Unless there is a good output 
variation it is impossible to get a reliable regression equation. 

Fig. 389 shows yet another war-time winter when, due to Ministry of Food 
requirements, the output was very low and very constant. The scatter is a 
compact little cluster with a very indefinite trend. The regression line is 
drawn in, but it is clearly of little use. The correlation coefficient of *486 
confirms this and reference to Table LXXI tells us that this correlation docs 
not satisfy the 100 to i criterion. 
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It is obvious that a small change in the slope of the regression line will 
have a very large effect on the point where it cuts zero output. This means 
that the estimate of the fixed steam is not reliable unless the correlation and 
significance are very high. Even so the fixed component does not give the real 
steam consumption at zero output unless there are many points at very low 
outputs. 




During the summer of 1943 the output varied considerabl)'. Fig. 39c 
shows the very remarkable result. Any eye can see that there is a decided 
straight line relation. The correlation, both by eye and by calculation, is 
very high indeed. We can put much more trust in this result. The reliability 
of the regression line will be dealt with further in the next Section ; for the 
moment we will take Fig. 390 at its face value and compare it with Fig. 386. 
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It shows that since 1940 the war-time economies, chiefly the recovery of 
waste heat, have pulled the fixed steam down from some 6,500,000 lb. to some 
2,000,000 lb., but that the marginal steam has risen from some 2,100 lb./ton 
to about 2,800 lb./ton. The increase in marginal steam can probably be quite 
satisfactorily accounted for by war-time demoralisation, insufficient mainten 
ance, the call-up of skilled men, girls who forget which way to turn a valve, 
overworked and inadequate managerial staff, etc. 

It might be thought that the improvement shown in Fig. 390 was largely 
due to its being the record of a summer period and that the saving in fixed 
steam was due to less space heating. But in this factory this is not the case. 
Almost all the space heating is done by waste heat and there is no significant 
difference between the steam consumption in summer and winter. 

685 . TRUSTWORTHINESS OF REGRESSION. Correlation and its 
significance only tells us the degree of confidence with which we can assert 
that there is or is not a true relation between steam consumption and output. 
It does not tell us how accurate the equation is likely to be if we want to use it 
for prophecy. We have already seen that if the points in the scatter are far 
away from the origin w^e can put very little faith in the value of the fixed 
component, as a true measure of the steam consumption at zero output. 

We can find out the degree of trustworthiness, or the “ Fiducial Limits 
as they are called, of the regression equation by means of formulae w'hich are 
given in the next two Sections. 


686. FIDUCIAL LIMITS OF REGRESSION LINE. The regression equa¬ 
tion gives us an estimate of the steam consumption for any output. We wish to 
find out the degree of trust wx can put on the value of the position and slope 
of this line. This w^e find by calculating the fiducial limits for the mean steam 
consumption for any given mean output. \Ve also wish to know the trust¬ 
worthiness of the estimated steam consumption for any one particular week. 
We will deal with the first requirement first, namely the trustworthiness of the 
mean values. 


If we calculate the fiducial limits of the mean steam consumption estimate Y' 
we can plot these values on the scatter diagram and we can say that the 
regression line will lie within the limit curves. 

The fiducial limits of Y' arc 

Y' i tjy{e) 


The “ error variance ” term 


V(e) 


Sjr — bSyx 
N — 2 


t is the “ error ratio 

Here are the latest available figures, for the summer of 1944. We first work 
out the regression equation and find the correlation coefficient as in Section 681. 
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X 

Y 


3,235 

i,iii 

SYX 

3,858 

1,331 

SYSX 

4,615 

1,575 

SYSX/N 

4,752 

1,586 

5,092 

1,561 

.-. 

4,863 

1,516 

SX® 

4,464 

1,503 

(SX)® 

4,079 

1,230 

(SX)®/N 

3,761 

1,288 

.-. Sx ^ 

4,838 

1,440 

b 

4,022 

1,321 

bX 

3,244 

1,167 


3,165 

1,166 

.-. a 



Y' 

3,488 

1,139 


3,305 

1,095 


3,463 

1,158 


3,984 

1,392 

(Sjx)® 


1,162 

1,100 

(SY)® 

3,333 

3,051 

SY® 

3,942 

1,293 

(SY)®/N 

3.667 

1,306 

.’. S/ 

3,716 

1,263 

Sf S.V® 

3,659 

1,316 

r® 

3,514 

1,276 


3,515 

1,256 

T 

3.353 

1,227 


99,978 = sx 

33,778 

= SY 

3,845 •3077=X 

1,299- 

1538 = Y 


== 131,966,180 

= 3.377.056,884 

— 129,886,803 

= 2,079,377 


393,141,002 


9,995,600,484 
- 384,446,172 

= 8,694,830 

= -23915096 

-- 919-6090 

= 379-5448 
= 3,795,448 + 2,392X 


= 4,323,808,708,129 
= 1,140,953,284 

= 44,458,788 

= 43,882,819 

= 575,969 

= 5,007,952,540,270 
= -863388515 

= -9292 


We can now tabulate the fiducial limits. I’he computation is quite straight¬ 
forward. We will re-state the formula for finding the limits between which the 
regression line should lie. This entails taking the fiducial limits of a number of 
mean values. 


Limits of Y' 
V(.) 




Y'±UV(.) 


(1 ( X - 


— bSjyx 
■ N - 2 


All these terms have already been individually computed except for t, 
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bSj/x = 497>285 
— bSyx = 78,684 
V(e) == 3.278-5 


We therefore have ± t, 


J3..78.5 (1 + 

V ^ ^ 8,694,830 ^ 


— ± 126-096 + *000377063 (X — X)2 t \/6 

X - X = X - 3,845-3077 
(X — X)* == X 2 — 7,690-6154X + 14,786,391 

.-.0 = I2G-096 -+- -000377063X2 - 2-8998X + 5,575-4 
== -000377063X2 - 2 -8998X + 5,701-5 

The function i is the “ error ratio ” and its values for two different sets of 
odds are given in Table LXXII. 


TABLE LXXII, VALUES OF ERROR RATIO “ 


u 

20 TO 1 1 

1 100 TO 1 

100 

1 1-985 

2-53 

52 

i 2-005 

2-68 

50 

, 2-01 

2-685 

40 

1 2-025 

2-71 

30 

1 2-05 

2-74 

27 

1 2-06 

2-78 

26 

1 2-06 

2-79 

25 

! 2-07 

2-80 

20 

1 2-10 

2-87 

15 

1 2-15 

3-00 

10 

1 2-30 

3-35 


\\ c see from Table LXXII that the error ratio / is 2 06 at 20 to i. This 
means that the fiducial limits that we are about to find are such that 95 per 
cent, of the estimates will lie within the limits. 

We can now tabulate for various values of X thus. (As all the Y's are in 
units of 10,000, the limits, / y 0 , computed in this tabulation must be multiplied 
by 10 ,000 before being added to or deducted from Y'.) 


X 

('(M13770G3X2 

-- 2-8q98X 

0 


X 0 

wo 

Y' 

Limits 

iofY' 

0 

0 

0 

5.701 

5 

75-51 

*55*55 

3>795v500 

2,240,000 to 5,351,000 

1,000 

377*1 

-- 2,899 

3,178 

8 

56-38 

ii6-14 

6.187,500 

5,026,100 

7,345,900 

2,(XK) 

1,508-3 

~ 5-799*^ 

1,410 

2 

37-55 

77*35 

8.579^500 

7,806,000 

9,353,000 

3,000 

3’393*^> 

— 8,699 • 4 

395 

7 

19-89 

40-97 

10,971,500 

10,561,800 

11,381,200 

4,000 

6,033-0 

- 1^599*2 

135 

3 

I I -63 

23-96 

13.383,500 

13,123,900 

13,603,100 

5,000 

9,426 - 6 

- 14,499,0 

629 

I 

25-08 

51-66 

*5-755.500 

*5.238,900 

16,272,100 

6,000 

13-574*3 

- I7.39f^*8 

1,877 

0 

43*32 

89-24 

18,147,500 

17,255,100 

19,039,900 

7,000 

18,476-1 

- 20,298-G 

3 . 87 t) 

0 

62 • 28 

128-30 

20,539.500 

19,258,500 

21,822,500 

8,000 

24,132 -o 

- 23,198-4 

G.635 

I 

81 -46 

167-81 

22,931,500 

21,253,400 

24,609,600 

9,000 

30 i 5 L^*i 

— 26,098 - 2 

> 0,145 

4 

100-72 

207-48 

25.323,500 

23,248,700 

27,398,300 

10,000 

37.700-3 

- 28,990-0 

14,409 

8 

120-04 

247-28 

27»7*5».500 

25,242,700 

30,188,300 
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These limits are plotted as the inner broken lines in Fig. 391. 

This means that if we had 100 samples of 26 weeks (under the same 
conditions) instead of only one set of 26 weeks we should expect the regression 
lines of 95 of them to lie within this band. 



687 . FIDUCIAL LIMITS OF INDIVIDUAL WEEKS. Any individual 
week must of course be given wider limits, as can be seen by an examination of 
any of the scatter diagrams that have been given. 

The fiducial limits for a single estimate, that is to say the limits witliin which 
the estimate of the steam consumption for any one week will lie, arc obtained 
from the following expression :— 

Y' i < V V(.) (I + 4 -I 

It will be seen that this simply adds V((f) to the (juantity under the square 
root sign. Now V(r) = 3,278 5, so wc can letabulate by adding 3,278-5 
o 0 and calling the sum <f>. 


X 

e 

<P 

\/<b 

tv'0 

Y' 

Limits of Y' 

0 

1,000 

2,000 

3*000 

5 . 701 -5 
3,178-8 
1,410-2 
395-7 

8,980-0 

6.457-3 

4,688-7 

3.674-2 

94-76 
80 • 36 
G8-47 
60'62 

195-21 

>65-54 

> 4 >-05 
124-88 

3.795*500 

6,187,500 

^* 579*500 

10,971,500 

1,843,400 to 
4,532,100 
7,i69,<X)o 
9,722,700 

5.747.600 

7,842,900 

9,990,000 

12,220,300 

000 

88 § 

Tp iniD 

135-3 

62q-1 
1,877-0 

3.413-8 

3.907-6 

5 .J 55-5 

58-43 

62-51 

71 -Bo 

120-37 

128-77 

147-91 

13*363*500 

15*755*500 

18,147,500 

12.159.800 

14.467.800 
16,668,400 

14,567,200 
17,043,200 
19,626,600 

7,000 

8,000 

9,000 

10,000 

3.879-0 
8.835 -« 

10,145-4 

14,409-8 

7.157-5 

9 . 9 > 3-6 

>3.423-9 

17.688-3 

84 • 60 

99-57 

115-86 

133-00 

174-28 

205-11 

238-67 

273-98 

20.539.500 

22.931.500 
25*323*500 
27 » 7 15*500 

*8,796,700 
20,880,400 
22,936,800 
24 » 975 > 7 oo 

22,282,300 

24,982,600 

27,710,200 

30455 » 3 <H> 
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These limits are shown as the outer dotted lines in Fig. 391. 

In Fig. 392 are the regression lines for the half years from 1940 to 1944, 
omitting only that for the winter of 42/43 where the correlation was unsatis¬ 
factory. The inner fiducial limit curves from Fig. 391 have been drawn in and 
it will be seen how nicely the regression lines lie nearly within the 20 to i area. 




FIG. 393. 208 WELKLY POINTS AND OUTER FIDLCIAL BAND FROM FIG. 39I 


In Fig. 393 arc all the points for eight consecutive half years, some 208 in 
number, and the outer fiducial limit curves are drawn in from Fig. 391. These 
outer fiducial lines arc such that the odds are 20 to i on the estimated steam 
consumption for any individual week lying between them. If the conditions 
had remained exactly constant over the whole period we should therefore 
expect to find that about 11 points would lie outside the fiducial band. Actually 
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15 points lie outside. So it ties up pretty well considering that conditions have 
have not remained constant. Small improvements in steam use have been 
continuously made, but there has been a steady and continuous deterioration 
due to war difficulties. In view of this, theory and practice agree remarkably 
well. 

688, THE PRACTICAL VALUE OF REGRESSION. The regression 
equation does not give us an exact figure for fixed steam and marginal steam. 
If the correlation is significant it gives us a very good estimate of the marginal 
steam and a less reliable estimate of the fixed steam. In either case it gives us 
nothing more than a good bet, but in spite of its limitations it is a very useful 
tool because it does give us information that can be obtained in no other way. 
The accountant cannot tell us the cost of our fixed steam at all, but he can go 
into the witness box and swear to the total cost of steam. The statistician can 
give us an estimate of something that the accountant cannot approach, but the 
statistician can only go into the bookie’s office and come out smiling. 

One important lesson is clear from this brief investigation of regression, 
namely the extreme caution that should be used when interpreting the results 
of experiments. 

689 . THE REGRESSION LINE AND THE WILLANS LINE. If steam 
consumption figures for an engine or turbine are plotted against output they 
will be found to lie on a straight line almost without scatter, provided the 
measurements have been made with accuracy. The relation between steam 
consumption and output can be calculated as a regression equation and the 
correlation will be very significant. There is no doubt that there is a relation. 
There is a fixed heat consumption which makes good the losses and this 
lost heat cannot be calculated. It can be measured, or it can be estimated by 
an experienced engineer. If however a few widely spaced points arc taken so 
that the Willans Line can be drawn, or l^etter still calculated as a regression 
line, the fixed lost steam can be found quite accurately. 

Now it is not only an engine that has a Willans line. Every piece of steam¬ 
using plant has one, or its equivalent. Every vat, or pan or evaporator has a 
fixed steam to make good the losses and a marginal steam that docs the work. 
The regression line of a factory takes account of the Willans lines of all the 
engines, vats, kiers, pans, coppers, etc., in the factory, and the interaction of 
all these goes to impart a large element of chance or error into the combined 
data from which we calculate the factory regression equation. A single Willans 
line is a certainty. A multitude of random Willans lines is only a good bet. 

* ♦ ♦ 

All the foregoing discussion has dealt with steam consumption related to 
output. The regression analysis could have been on costs or wages or mainten¬ 
ance or waste of materials. The appropriate regression equation can usefully 
be ascertained for every operation or cost that might comprise a fixed but 
dimensionally unknown component and a marginal component in its make up. 
By making a regression analysis the existence of a totally unexpected fixed 
or marginal component is sometimes discovered which may put a completely 
different complexion on a problem. 

« ♦ ♦ 
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SAVING POWER AND ELECTRICITY 

To give light to them that sit in darkness. 

LUKE. I, 79. A.D. 60 

AS far as the author knows there is no book which deals with the saving of 
power, no book or curriculum which deals with the saving of electricity. As 
steam is responsible for the production of the bulk of the power and electricity 
in this country, economy of power and electricity is economy of steam, 

690 . THE INEFFICIENCY OF POWER. The power saving field is enor- 
mous. The author thinks that he is greatly understating the case by saying that 
nine-tenths of the coal burnt for power generation in this country is entirely 
wasted. For example, take a textile mill electrically driven from the grid :— 


Per cent. Per cent. 

The average efficiency of textile machinery 

seldom exceeds .. .. .. .. .. qo 

The efficiency of the motors is probably about 85 
. •. The efficiency at the motor terminals is 20 X •85 = 17 

The distribution loss in 1943 was .. ,. 18 

. •. The efficiency at the power station switchboard 

was 17 X -82 =14 

The average efficiency of power generation in the 

selected stations was about .. . . .. 23 

. •. The overall efficiency of power generation and 

use in the mill was 14 X *23 = 3*2 


So that a very small saving of power energy results in a huge saving of 
steam and coal energy. No further excuse is needed for dealing with the subject 
in a book devoted to the efficient use of steam. 

691 . THE POWER LOAD. In Section 123, Chapter 3, it was pointed out 
that modem plants must always tend to increase their power load and to 
decrease their steam demand. If the factory buys its power all it has to 
worry about is coming to a good arrangement with the power company regarding 
rates, maximum demand and power factor. It is then an easy problem to see 
how much it is worth spending to save electricity. 

If the factory generates its own power, whether by direct steam engine or 
by electrical generation, it is very important to keep the load within bounds lest 
the power plant be unable to carry the load and calls for ^costly renewal or 
supplement. 

If the factory can barely use, for legitimate purposes, all the exhaust steam 
from its power plant, it is prevented from making possible great steam savings 
unless the power load can be cut simultaneously. 

From every point of view therefore it is of the greatest importance that the 
power load be cut to the lowest possible point. 
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692 . POWER FACTOR. Of all the subjects regarding power saving on 
which there is misunderstanding the question of power factor is probably first. 
Many instances have been met where factory managements have thought 
that by improving power factor by • i they have secured a power saving of 
10 per cent. Much of this misunderstanding is due to the stressing by the 
electricity supply companies of the importance of power factor and of their 
habit of charging for kVA. 

It is extremely difficult to explain power factor in simple non-mathematical 
language. The following is an attempt which does not aspire to explain it, 
but to give an inkling only of what power factor means and the way in which it 
affects electrical plant. The author is not an electrical engineer and is 
consequendy prepared to simplify in a way that might make the electrically 
trained expert shudder. 

693 . KILOWATTS AND KILOVOLTAMPS. The pressure or potential of 
electricity is measured in units called ‘‘ volts The rate of flow of electricity is 
measured in units called “amperes”. (These names are tributes to the 
memory of two great scientists—^\^olta, an Italian who, in 1800, made the first 
electric chemical cell or battery—^Ampdre, a Frenchman who, in 1820, first 
wwked out the mathematics of electro-magnetism.) The “ power ” in an 
electric circuit is the product of the “ flow ” and the “ pressure ”. That is to 
say, a given flow, or number of amperes, of electricity flowing at a certain 
pressure or number of volts will give double the power if the voltage is doubled, 
or double the power if the voltage is kept constant and the flow or amperes be 
doubled. 

Electrical power is found by multiplying the volts by the amperes. The 
product V X A — \^A is in power units which are called “ watts ”, a compli¬ 
ment to the memory of James Watt w'ho, though he did no work on electricity, 
was the true father of power. So that circuits carrying the following varieties of 
current arc all carrpng the same power :— 

I volt X 1,000 amperes J 

10 „ X 100 „ I ~ 1,000 VA 1,000 W. 

100 „ X 10 „ j I kVA - I kW. 

1,000 „ X I „ J 

Now this simple relation between voltamps and watts, or kilovoltamps and 
kilowatts as they are usually called because the figures would otherwise be 
inconveniently large, only holds good with direct current (D.C.) electricity. 

694. THE WATER ANALOGY. Direct current electricity is exactly the 
same in principle as water flowing through a pipe. If wc pump water into a 
pipe by means of a reciprocating pump provided with an inlet and exhaust valve 
we can drive a whaler engine at the other end of the pipe, provided the engine is 
fitted with a valve gear. The water exhausted from the engine can be returned 
to the suction of the pump. Such a method of transmitting power is completely 
analogous to direct current electrical power transmission. The pistons of the 
pump and engine arc equivalent to the poles on the dynamo and motor, and the 
valve gears are exactly reproduced by the commutators. The water motor or 
engine can run at any speed, quite independant of the speed of the driving pump. 
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provided there is a return for the surplus water. The work done by the engine 
will be the flow of water to the engine multiplied by its pressure (apart from 
losses due to mechanical imperfections). 

Now suppose we have a three cylinder pump each of whose cylinders is 
connected by a separate pipe to the three cylinders of a water engine—^Fig. 394. 
If the cranks in both machines arc at 120° neither pump nor engine will need 
any valves. The water in each pipe flows to and fro—it alternates. Provided 
the engine is not so overloaded as to stall, the engine will keep exactly in step 
with the pump. Such an arrangement is exactly equivalent to a three phase 
alternating current generator driving a three phase synchronous motor. The 
cylinders are equivalent to the poles, there are no valves and no commutators. 


PUMP ENGINC 



FIG. 394. THREE PHASE FLECTRICAL WATER ANALOGY 

The work done by the engine will be the quantity of water flowing to and 
fro in each pipe multiplied by its pressure and by the number of pipes or 
phases. I his is the same as saying that the power is volts X amps X 3 * 

From now on the analogy' l^ecomes less precise but should still be helpful. 

Suppose \vc allow a small amount of air to get entangled, foam-like, in the 
pipes, and that we assume that pump and engine are far apart. \Vhen the 
pistons of the pump descend they wall displace the water but, owing to the 
compressil)ility of the air now mixed with the water in the pipe, the pressure 
impulse readies the engine slightly delayed—it lags behind the initial pressure— 
due to the cushioning eflect of the air. If the speed is such, in comparison to the 
]}ipe lengiii, that the pressure wave is in tune with pipe length, there \^^ll be a 
point wlicn the jircssure wave never reaches the engine because, before the 
pressure wave has reached the engine, the pump piston will have started rising, 
and the ])rc\ssurc wave will start changing direction. When this happens the 
engine stops work. Although the descending piston did much work on the water, 
this cnergv was stored in the compression of the air bubbles and is returned to 
the piston as it rises on the upward stroke. But this energy conversion and 
reconversion is not perfeci and gradually the pump and pipes will heat up. 

^Vhen a voltage vva\e from an alternating current generator flows into a 
motor the ampere or current wave lags behind the voltage wave just like the 
water wave in the aerated pipe. If the conditions arc suitable the current wave 
can lag so far behind the voltage wave that tlie current has a maximum value 
when the voltage is zero. Current of this kind does not produce power. 
If an “ A ” current arrives when a “ V ” voltage is o then the simultaneous 


723 



§694-696 THE EFFICIENT USE OF STEAM: CHAP* 22 

V X A = O5 SO that there are no watts. Such a lagging current is therefore 
called “ wattless ” current. The measure of the amount by which the current 
lags behind the voltage is called the “ power factor When the power factor 
is I • o the volts and amperes flow simultaneously. When the current lags so 
far behind the pressure that the amperes are a maximum when the volts are 
zero the power factor is o and such a current will not generate any power, but, 
like the water in the pipe, the passage of this wattless current will heat all the 
wires through which it flows. 

695 . ohm’s law. The flow of electricity through a circuit depends on the 
voltage of the supply and the resistance of the circuit. The resistance depends 
on the size of the wires, the metal of which they are made and their temperature. 
The law which the flow of electricity obeys was discovered by a German 
professor called Ohm in 1827. His discovery was so coldly received by the 
scientific men of the world that Ohm resigned his professorship in a huff. 
(Ohm’s law was actually discovered by Cavendish in 1781, but Cavendish was 
a queer chap and did not publish his discovery.) Ohm’s law states that the 
flow of current (amperes) will be directly proportional to the pressure (volts) 
and inversely proportional to the resistance (ohms). This means that if the 
volts are doubled with the same resistance the current flow will be doubled. 
If the voltage is kept constant and the resistance is doubled the current flow 
will be halved. 

^ . Pressure in volts 

Current in amperes = ——^-^^- 

Resistance in ohms 

V V 

A = O = . V = A X O. 

O A 

Ohm’s law only applies when there are no disturbing factors. When current 
flows into a D.C. motor there is a veiy^ large disturbing factor. The motor 
by its operation acts as a generator and produces a pressure that opposes the 
input pressure. This must be allowed for. This output pressure generated 
or induced by a motor in opposition to the input pressure is called the 
Back E.M.F. (or back electro-motive force). Suppose a motor is supplied with 
current at a pressure of 100 volts. At starting, tlie motor is momentarily at rest, 
no work is being done, no opposing pressure is being generated, and Ohm’s 
law applies. We will say that the current momentarily is 100 amperes. This 
means that the resistance of the motor is i ohm. Now when the motor is running 
at full speed on full load it may be taking 10 amperes. The voltage has not 
changed, the resistance has not changed, so that the reduction of current 
flowing must be due to the voltage that the motor is generating in opposition 
to the input supply. So that of the input lOO volts, 90 must be being used to 
oppose and overcome the opposing voltage leaving only 10 to force the current 
through the motor. As the resistance of the motor is i ohm, 10 volts will result 
in the flow of 10 amperes. 

696 . THE HEATING EFFECT OF ELECTRICITY. Now in the motor we 
have been considering the input current is 10 amperes at 100 volts or a current 
with a power of 1,000 watts. We have seen that 10 volts are used up in forcing 
the current through the resisting wires, so that 10 x 10 = 100 watts are not 
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being used for power production but for forcing the current through the machine. 
This current must appear somehow, and as it does not get converted into 
mechanical work it must appear as heat. 

This 10 volts X 10 amperes which will simply cause heating of the machine 
is the heat loss in watts. Before we can find the value of this heat loss we must 
know the voltage that is being used to overcome the resistance. This resistance¬ 
overcoming voltage is not always easy to find directly but Ohm’s law above, 
in its third form, gives us a way round. V = A X O. So that we can say 
truly the power dissipated in heat in a circuit is A xV = AxAxO 
= A^O. In ordinary parlance among electrical engineers the letters I and R 
are used instead of A and O for current in amperes and resistance in ohms, 
so that the heat loss in an electric circuit is equal to I^R. 

In an electric radiator all the electric energy that we put into it is converted 
into heat. When the radiator is switched on it does not rush round the room 
or whizz like a Catherine wheel. So that its PR is equal to its AV = W. If 
however we put current into an electric motor most of the current is turned 
into mechanical work and only a small part goes in heat. Let us consider our 
notional motor again. At the moment of switching on, the motor is stationary 
for an instant, there is a big rush of current and momentarily none of it is turned 
into work, it must all therefore be turned into heat. 

We have 100 volts x 100 amperes = 10,000 watts. 

We also have a heat loss equal to PR = 100 X 100 X i = 10,000 

When the motor is up to speed on full load we have an input of 
100 volts X 10 amperes = 1,000 watts 
but the heat loss will only be 

10 X 10 X I ~ 100 watts 
leaving 900 watts converted into work. 


697 . WATTLESS CURRENT. The conditions that wc have been considering 
apply to direct current machines. Suppose we consider our motor now to be 
an alternating current machine and that the amperes are lagging so far behind 
the volts that the power factor is • 8. In order to give the full load the motor will 

now call for -g ” 12*5 amperes. 

goo watts will still be converted into work and the amount of energy lost 
in heat will be 

12-5 X 12*5 X I — 156 

So that at a power factor of *8 our motor will be converting 

900 watts into power 


and 156 


heat 


1,056 


The effective power taken by the motor will be 

V X A X power factor = lOO X 12*5 x *8 — i.oooW = i kW 
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The volts X amperes taken by the motor as measured by voltmeter and 
ammeter will be 

V X A == 100 X 12-5 = 1,250 VA ==1-25 kVA 

250 of this VA is wattless and causes an extra heat loss of 56. 

The supply generator has to supply 1,000 effective watts and 56 heating 
wattless units, a total of 1,056, but the current flowing as measured by volt¬ 
meter and ammeter is 1,250 volt-amps. The gain therefore by improving the 
power factor from *8 to i *0 will not be 25 per cent, or even 20 per cent., but 
5*3 per cent. (These figures are purely notional to suit the crude example 
given.) 

The load that cables and generator can carry is limited only by the amount 
of heating they can stand. We see that if the power factor in the motor circuit 
is - 8 instead of i • o the heating current will be increased (in this notional 
example) from 100 to 156. This is the reason why electricity supply companies 
are so concerned about power factor. 


698 . CAUSE OF LOW POWER FACTOR. Low power factor is the fault 
of the load, not the fault of the generator. 

In an induction motor the magnetising current is taken from the line, and 
as, of itself, it produces no power, it has a zero power factor. (This statement 
must be taken on trust and may not be approved by the pure electrician, but it 
is near enough the truth for the present argument.) 

When the motor is on full load the magnetising current represents a small 
fraction of the total current so that the power factor will be high. As the load 
on the motor drops, the magnetising current represents an increasing proportion 
of the total current so that the power factor will drop. At no load the power 
factor will only be • i or • 2 and were the motor to be perfect and to have no 
mechanical losses the power factor at no load would be zero. 

In a synchronous motor the magnetising current is supplied from an external 
source, usually from an exciter on the motor shaft. If the exciting current is 
just suited to the load the pow’er factor will be unity. If the exciting current is 
too small, the magnetic system will borrow some excitement by induction from 
the stator alternating current. This borrowed ( iirrcnt will be just the same as 
the exciting current of an induction motor and will have a zero power factor. 
The proportion of borrowed exciting current will lower the power factor of 
the motor circuit to an extent proportional to its fraction of the total current. 
If, on the other hand, the synchronous motor is ovia-excited from its own 
exciter a current will be lent to the stator current. Whereas the borrow^ed 
current lagged behind the main current, the lent current will lead in front of the 
main current, so that the synchronous motor can operate with a leading power 
factor. Such a leading power factor can be used to counterbalance a lagging 
powder factor in other parts of the local network and wall improve the power 
factor of the whole system. 

Were all the load on an electrical network to consist of over-cxcited 
synchronous motors the wliole system would have a leading power factor which 
would be just as bad as an equivalent lagging power factor. So that power 
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factor improvers—synchronous motors or condensers—should not be used 
wholesale but only just sufficiently to effect the improvement required. Power 
factor improvement is expensive. 


699 . THE PRACTICAL EFFECTS OF POWER FACTOR. If current is 
being charged for on a kVA basis it clearly pays greatly to improve the power 
factor, because when receiving 1,000 useful watts and 56 useless units we are 
paying for 1,250 volt-amps. 

If current is being bought on a kW basis there is very little to be gained. 

Where current is being generated in the factory, power factor improvement 
only pays good dividends if motors, cables, etc., are so over-heating as to call for 
duplication or increase in size. But of course it is always beneficial to improve 
the power factor. All the electrical plant runs cooler, will carry a bigger load 
and, to the small extent of the extra heating saved, will save steam. 

There is one case where power factor improvement may save a lot of steam, 
and this case fairly often crops up ; where the load cannot quite be carried by 
one generating set due to heating of the generator. In Fig. 39 the steam con¬ 
sumptions of two 175 k\V sets were shown and we see that by simply starting 
the second set an immediate increase in steam consumption of 3,000 lb./hr. 
takes place before one single extra unit of electricity is generated. 

If one generator can produce 175 kW with a power factor of *9 with just 
the permissible rise of temperature, it would only be possible to generate 156 kW 
were the power factor to drop to • 8. If the load must be 175 kW we get— 


Load 

kW 


Power 

Factoi 

Engines 

Running 

Steam 

Consumption 

lb,lhr. 

175 


■9 

I 

7,000 


156 \ 

•8 

2 

f 6,600 

*9/ 








10,100 


We can therefore say quite catcgoricalh that in most cases of factoiy power 
generation it only pays to spend a lot of monev on power factor improv’ement 
if it prevents the ninning of an additional generating set. But it is very good 
policy to improve po\Ner factor by all possible cheap means ; one of the easiest 
means is to see that motors arc not very lightly loaded or to run those that are 
under-loaded under different conditions. 

Recapitulating : The voltmeter and ammeter record volts and amperes. 
The amperes cause heating of the cables and machines. The ammeter does 
not tell us whether the amperes are wattless or are effective. The power factor 
meter tells us what proportion of the amperes are powenul. So that the 
amperes tell us the load that can produce heating ; volts X amps. X power 
factor tells us the effective power load of the circuit. 
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700 . star and delta. There are two ways in which the windings on a 
three-phase alternating current motor can be connected to the supply line. 
These are called ‘‘ star ”, Fig. 395, and ** delta ”, Fig. 396. When connected 
in delta the full line voltage acts on each winding, but when connected in star 
the effective voltage across each coil is the resultant of the voltage in all three. 
Thus when the voltage in A is a maximum in one direction it is opposed by 
a small voltage in both B and C in the opposite direction. The result is that 
the voltage acting on each coil in star is • 58 of the voltage across the line or 
the voltage in delta. 


A 



FIG. 395. THREE PHASE STAR 
CONNECTION 



FIG. 396. THREE PHASE DELTA 
CONNECTION 


When a stationary motor is switched on to the line the great initial current 
rush might be very objectionable, not only to the motor and the switchgear, 
but because of the surge of current on the line which would throw demands 
back to the engine governor. This rush of current is greatly minimised by 
starting the motor on star connection and changing over to delta after a good 
speed has been reached so that there is plenty of opposition voltage to prevent 
a rush from the line. 

On star the motor will only carry about one-third or so of the load that it 
will accept on delta, so that motors are almost always built as delta machines 
thus enabling them to be much smaller and cheaper. 

There are many drives that require much power to get them going but take 
little power to keep them running. Machines with large flywheels like presses 
or punches, ball mills, rotary kilns, etc., where heavy masses have to be set in 
motion. The initial movement is done on star to limit current rush, but the 
motor would not develop enough power on star to bring the heavy machine up 
to speed. The final acceleration is done on delta. Once they are up to speed 
such machines often require only one-third or a quarter of their rating to keep 
them going and might with advantage be switched back to star. 


701 . advantages of star connection. Star connection, for 
reasons that need not be gone into, is more efficient and gives a better power 
factor than delta connection. Fig. 397 shows the efficiency and power factor 
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of a typical 12 H.P. motor on star and delta connection. We can tabulate the 
following striking comparison :— 


Load H.P. 

Connection 

Efficiency 
per cent. 

Power factor 

Current amps. 

3 

Star 

85 

•79 

4 -38 


Delta 

77 

•53 

7-19 

4 

Star 

86 

•83 

550 


Delta 

80 

■ 60 

8-15 


We see that there is an advantage to be got from using star where it is 
possible. But the possibility is relatively rare. It is most effective if the running 
load is about a quarter or one-third of the rating of the motor. If the load goes 
up to half, there may be trouble ; the star motor may not take it. 



B.H.R 

FIG. 397. MOTOR PERFORMANCE CURVES 

Where a motor is simply far too big and has not got to start some very heavy 
machine, it may be possible to start in delta and run on star. But where the 
starting load is heavy it will be necessary to start in star, accelerate in delta and 
go back to star, if the load is so light that this is possible. 

Star running will almost certainly call for a modification of the starter. 
The protective devices are generally arranged in the delta position only, and 
the ammeter, if fitted, will probably only be in circuit on delta. Modifications 
to the protection relays or trips are usually quite simple to carry out and the 
saving may be worth the trouble entailed. 


702 . OVERSIZE MOTORS. The size of motors is important, but there are 
points that require clearing up. A motor is more efficient on full load than on 
half load, but a large motor on half load may be more efficient than a small 
motor on full load. 'Fable LXXIII in the Appendix gives results obtained on 
motors of one of the leading electrical machinery makes, taken from stock in 
the author’s factory. Each motor in turn was made to drive the same generator, 
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whose load was raised by increments of i H.P. It shows that overmotoring up 
to about twice too big is probably the ideal for drives below about 15 H.P. 
The power used by the larger lightly loaded motor is about the same as by the 
fully loaded smaller motor. In some cases it is less. The power factor is better 
and, more important, speed is maintained. The small motors drop con¬ 
siderably in speed on full load. The double size motor takes half load with very 
little speed reduction. The oversize motor will run cool and will be very free 
from breakdown, but it represents a bigger capital value. 

One of the important things visible from Table LXXIII is that a factory 
can justifiably reduce the number of spare motor sizes kept in stock. Instead 
of stocking 3, 5, 7 12 18 and 25 H.P. motors, very little power, if any, would 

be lost by stocking only 5, 12^ and 25. The extra capital sunk in bigger motors 
might well be offset by the fewer spares that need be carried. 

In Table LXXIII the heavy line shows the boundary between correct load 
and overload. An examination of the table shows that it is most important not 
to overload motors. The efficiency and speed drop off badly, the motor gets 
hot and is prone to break down. 

It will be seen that a large motor on star can in some cases beat a motor 
one-third or one quarter its size on delta. 

703 , UNIT DRIVE OF LINESHAFT. The modern practice is to drive e^ach 
machine 01 piece of plant with its own separate motor. This has many 
advantages ; it is clean, tidy, convenient and safe. On the face of it, it might 
seem extravagant because each motor must be big enough to handle its own 
peaks and starting load. There will therefore be a larger installed horsepower 
than with belt drive from a line shaft driven by one large motor. 

Lineshafts are unsightly, dirty, obstruct the light and cast shadows, are 
hazardous, require belt maintenance, give rise to belt slip, suffer from belt 
breakage and call for extra power to drive the shaft and bend the belts round 
the pulleys. Against these obvious disadvantages appears the seeming advantage 
of one properly sized motor of a much smaller installed horsepower. 

On the other hand the motor on an individually driven machine can be 
stopped when the machine is stopped, whereas if only one machine on a line- 
shaft is running, the big motor must run all the time. Table LXXIII shows 
how wasteful this might be. 

From the power point of view there would seem therefore to be little in any 
argument against individual drive. The choice between lineshaft and individual 
drive must be made on other considerations, which arc probably overwhelmingly 
in favour of individual motors. 

When the proper machine speed is known, direct drive is desiraldc on many 
counts. Where speed changes may be desirable from time to time, or a row of 
like machines must be driven at slightly different speeds, the lineshaft is the 
obvious choice. Such an example existed for many years in the author’s 
factory where a row of 30 identical machines were operated by 30 girls on 
piecework. Each girl was allowed to have her machine running at the speed 
she liked best and variations of 20 per cent, were not uncommon. The lineshaft 
with split pulleys provided the ideal arrangement. 
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704 . EXCESSIVE SPEED. This is the real villain of the piece, and the effect 
of speed deserves real study. The power taken by most ordinary machines is 
directly proportional to the speed at which they are run. This type of machine 
includes machine tools, elevators, mixers, conveyors, reciprocating pumps (at 
constant pressure), etc. 

The other class of machine includes fans, blowers and centrifugal pumps. 
If these machine have a free discharge, the power taken varies as the cube of the 
speed. If the discharge is throttled by valve or damper, the power taken varies 
as the square of the speed. In these classes of machine the scope for p>ower 
saving may be really great. 

705 . FANS. In the case of fans, only too often docs one find a bit of cardboard 
or a sack hanging over the outlet to temper the blast. When a fan Is installed 
it is generally done with little real thought except to make sure that it is not 
too small. 

In the author’s factory many air-conditioning fans were found to give 
satisfactory air supply when reduced in speed by 14 per cent. These plants 
have undamped discharges where the power is proportional to the cube of 
the speed. As the speeds were reduced in the ratio of 7 to 6 the power saving was 

7 X 7 X 7 = 343 
6x6x6 = 216 

127 or 37 per cent. 

When supplying fans contractors are torn between two desires ; first to 
quote for the chca{)cst plant to ensure getting the order ; second to make quite 
sure that their plant has a margin to meet requirements. For example, a boiler 
maker will calculate the requirements for an induced draught fan. He will 
then add a margin to protect himself from his customer. The fan maker receives 
an enquiry from the boiler maker for a fan of a certain duty. The fan maker 
adds on a margin to protect himself from his customer. The fan maker sends his 
encjiiiry to the motor maker who in turn also adds a margin. In this way the 
power specification snowballs. The fan starts work with far too big a 
motor, the fan is also too big and the fan has to be run continually against partly 
closed dampers. To remedy this, the eventual user-customer must insist on 
proper subcontracting co-operation. 

The power taken by a damped fan varies as the square of the speed. If 
therefore the speed could be reduced, possibly to such a speed that the 
dampers could be ^vide open most of the time, and if this speed reduction were 
again to be 14 ])er cent, the power saving would be 

7 X 7 == 49 
6 X 6 = 36 

13 or 26*5 per cent. 

Small windmill type fans almost always run too fast, and present a consider¬ 
able problem because there is generally no way by which they can be run 
slower. The blades arc usually of indifferent aerodynamic shape and great 
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eddies and disturbances occur. In the author’s factory there are many pro¬ 
peller fans^ both large and small, where a handkerchief held in front of the 
discharge is sucked in towards the propeller boss. 

706 . CENTRIFUGAL PUMPS. Centrifugal pumps follow the same power- 
speed laws as fans. If there is open discharge, the power varies as the cube 
of the speed, if the discharge is throttled the power varies as the square of the 
speed. 

If centrifugal pumps are direct driven there is little that can be done about 
speed variation. If they are belt or V-rope driven it is easy to slow them down 
so that they need not be throttled. When the impeller wears so that the outlet 
pressure drops, it is also easy with such drives to raise the speed a little and 
thus delay major repair. In the author’s factory very promising results are 
being obtained from chain driven centrifugal pumps. The drive is extremely 
efficient, it cannot slip, the sprockets can be quickly changed to give any desired 
speed. 

Centrifugal pumps are often used in positions where they are (juite unsuitable, 
namely where the output is low and the pressure is high. The smaller the 
output the lower must be the pressure to get anything like reasonable efficiency. 
If a small quantity is to be pumped against a high head it either means that the 
impeller must be of large diameter or the pump must ]>e a multistage small 
diameter pump. The small multistage centrifugal pump is an abomination, it 
is quite remarkably inefficient and unsatisfactory A large diameter single 
stage pump usually means a large pump, otherwise tlie impeller width approaches 
the clearances in capacity, and when this is the condition much of the liquid 
simply circulates round the clearance, and the efficiency is again very low. 
If a reasonably dimensioned single stage centrifugal pump is used for small 
quantities it will always be too big and need throttling. This just means that 
the impeller will churn, waste power, generate lu at and possii>ly damage the 
product. 

Small output high head centrifugal pumps should be replaced by recip¬ 
rocating pumps. In the author’s factory a high pressure centrifugal pump on 
siH^ll^quantities taking 15 H.P. was replaced by a reciprocating pump using 

For many duties, particularly where the lift is high and the quantity is small, 
centrifugal pumps are quite unsuitable. I'hey arc too often selected and installed 
because they are small and cheap. For small outputs and high pressure the 
reciprocating pump is supreme although it is looked upon nowadays as an 
anachronism. It is large, expensive, requires attention, often leaks, but it uses 
very little power and, in the long run, its upkeep is not always greater than that 
of a centrifugal pump. 

For sticky or corrosive liquids the diaphragm pump is excellent, as the 
reciprocating ram or piston works in water and any leaks arc simply water 
leaks. 

Centrifugal pumps for boiler leed for high pressures are only satisfactory 
m large sizes. The boiler feed pumps in the author’s factory are extravagant 
and troublesome. At full load the pump takes 155 kW, at no load it takes 
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102 kW. When originally installed the pumps gave a pressure of nearly 900 psi 
to feed boilers working at 650 psi. Such a margin was thought to be excessive 
so one stage was taken out, leaving 6 stages instead of the original 7. Tliis 
gave a permanent saving of about 30 kW but only just came off. When the 
pump is nearly due for overhaul the boiler pressure has to be dropped to about 
630/620 psi in order that the emasculated pump can feed at full load. 

707 * PROCESS MACHINE SPEEDS. There are many machines in process 
factories where the speed seems to have been decided upon by one of two 
methods : think of a number, double it ; or, add 50 per cent, for progress to 
the speed grandfather used. 

Many machines do not call for any clear cut definite speed ; such machines, 
for example, as stirrers, mixers, rotary kilns, rotary driers, washing machines, 
etc. Their speed is largely a matter of personal opinion, and if the plant works 
all right it is left alone. Now there must be one particular speed at which 
every single machine will work best. If this speed is slower than that in use, 
power will be saved. If this speed is faster than the speed in use, output either 
by quantity or quality will be improved. It is therefore desirable that the 
best speed for each machine should be found by systematic trial. This is 
often impossible in the case of direct driven machines, but where speed variation 
is possible it should be tried. 

Elevators, conveyors, etc., do call for a certain speed—the speed that will 
just carry the maximum peak load. Most elevators and conveyors, however, 
run far too fast to be on the “ safe ” side. 

Not only is power saved by running machines slower, but noise and vibra¬ 
tion arc minimised, breakdown and maintenance are lessened. 

708 . EFFECT OF SPEED ON LOAD. In order to determine the effect of 
speed on the general factory load an experiment was made in the summer of 
1940 in the author’s factory during a period of light load. The governor of 
the turbine was adjusted at intervals so that the frequency of the supply was 
reduc(‘d by i cycle every 5 minutes, the voltage being reduced proportionately 
to the frequency. The results were not very consistent but they nevertheless 
showed a very definite trend. Fortunately the most important reading, the 
turbine steam consumption, was fairly consistent. The following figures were 
recorded : — 


Cycles 

Volts 

Amperes 

Power 

Factor 

kW 

Steam 

Flow 

Marginal 

Steam 

50 

440 

3700 

•86 

2300 

88,000 

57,400 

49 

430 

3600 

•82 

2200 

81,000 

50,400 

48 

422 

3800 

•80 

2000 

80,000 

49,400 

47 

414 

3700 

•74 

1800 

78,000 

47,400 

46 

405 

3800 

•70 

1700 

72,000 

41,400 

45 

397 

4000 

•60 

1800 

70,000 

39.400 


The test could not be carried below 45 cycles as pumps started to fail, by 
not reaching their tanks, motors started to trip out, etc. 
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The fixed steam consumption of this turbine is approximately 360 X Absolute 
Back Pressure, or, at the time of this trial, 360 X 85 = 30,600 lb./hr. By 
deducting this from the total steam flow to the turbine we get the actual flow 
that was required to run the factory at the various frequencies. It will be seen 
that the marginal steam consumption drops far more rapidly than directly as, 
or even as the square of, the frequency. About 45 per cent, of the factory load 
is made up of fans and centrifugal pumps, some of them with free discharge, 
but the majority with throttled discharge. It is therefore not at all clear why 
such a very large saving in steam was secured. It might be that a few 
centrifugal pumps failed to overcome their hydrostatic head unnoticed and 
therefore stopped pumping, but these must have been very few, their churning 
load would have been considerable, and such failure would not have occurred 
until say 48 cycles had been left behind. 

Whatever the explanation, the fact remained that there was a great saving 
by running the plant slower. 

709 . METHODS OF SPEED REDUCTION. The general reduction of 
frequency had to be ruled out because many machines in the factory determine 
the quality of the product by virtue of their particular speed, and it would have 
been impossible to have increased the speed of these particular machines. It 
was therefore decided to do as much local speed reduction as possible to those 
machines that could stand it. 

All belt- or chain-driven machines were tackled, slower speed motors were 
tried, many machines were connected to the 43 cycle supply that the factory 
possesses to run a battery of machines that must run at 1,250 r.p.m. Every 
effort was made to slow each machine down to the lowest point at which it would 
do its work. The result was that some 600 kW was saved in this way. 

Together with saving made by pump stage removal the total normal day 
load was reduced from over 3300 kW 10 2700 kW. 

Hydraulic couplings are sometimes very convenient devices for speed 
variation with constant speed motor drive, but they are great power wasters. 
An hydraulic coupling is simply a liquid-cooled slipping clutch. No one would 
dream of using a mechanical slipping clutch for speed variation because the 
power wasted in slip would quickly assert itself by burning out the clutch faces. 
But in the hydraulic coupling the liquid takes the slip heat out of the clutch and 
dissipates it odourlessly and invisibly in the oil cooler. Of the power put into 
the induced draught fan motors in the boiler house at the author’s factor)^, 
some 23 per cent, is dissipated in the hydraulic coupling oil cooler. Variable 
speed induction motors are simply air-cooled magnetic slipping clutches and 
the power is wasted just as surely in rotor resistance as by an hydraulic 
coupling or a friction clutch. Hydraulic couplings may be extremely valuable 
as shock absorbers. 

710 . OUTPUT AND SPEED. Reduced machine speed docs not necessarily 
mean reduced output. Sometimes an increased or improved output results. 

Sugar packeting machines running at 61 packets per minute gave a better 
output than at 64 due to less waste, fewer hold-ups, less strain on the operators. 
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A battery of stamping presses was driven fairly fast, the operators engaging 
the press clutches for each stroke. By greatly reducing the speed of the drive 
the operators were able to keep the clutch engaged and feed continuously with 
better output, less operator strain, less clutch wear and less power. 

Process plant such as stirrers, rotary kilns, tumblers, etc., will often give as 
good an output with as good a quality at reduced speed. The speed of a 
machine is only too often somebody’s guess, and a new guess may be just as 
good or better. Lower speed may give a better output or a better product— 
on the other hand it may not. The only way to find out is to try or to ask someone 
who has tried under identical conditions. 

711 . DIRECT COUPLED MOTORS. Where motors drive through belt, 
V-rope or chain, it is easy to make speed alterations. Where the drive is direct 
it is much more difficult. 

D.C. drive provides a fairly economical speed adjustment, but it is only 
economical over a relatively small range. A variable speed motor is large and 
expensive, as is its regulator. 

A.C. variable speed commutator motors are now available with a very 
large speed range, but they are very expensive and are by no means free from 
disadvantages. 

Rewinding motors to give them an extra pair of poles may sometimes be 
economic. The power of the motor will be reduced, the rewinding is expensive 
and the new speed may not be satisfactory^. Anyhow, by this means the speed 
variation can only take place in big jumps. 

712 . FREQUENCY CHANGING. Operating a group of machines at a 
lower frequency is sometimes an economic proposition, more especially if there 
arc certain machines that will give a better result at a special speed. 

If the factory generates its own power it may be possible on Saturday or 
Sunday to run the generating plant at low speed and to try the effect. If this 
looks really promising it may be worth while buying a small generator and 
driving it by V-rope, belt or chain at the reduced speed. It is not by any means 
necessary to use a proper direct-coupled synchronous frequency changer in 
every case. The lower frequency generator can often be driven quite satis¬ 
factorily by an induction motor. If the factory power plant consists of several 
reciprocating engines it may be possible to run one at a lower speed and feed 
its current into a special circuit. 

In the author’s factory frequency changers arc used to get certain speeds 
that are technically necessary and that arc unobtainable from a 50-cycle supply. 
Fortunately these frequency changers are lightly loaded with their s|>ecial 
machines and these special frequencies are available in certain parts of the 
works for other speed reductions which have resulted in great economies. The 
approximate speeds available are given at the top of the next page. 

Any induction motor can be used interchangeably on any of these supplies. 

It may not pay to install frequency changers on a large scale simply to save 
power. But if there is a good case for the direct drive of certain machines at 
special speeds it may pay to install oversize frequency changers and thus 
have a ready means of getting savings on other machines. 
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No. of poles 

58 cycles 
500 volts 

50 cycles 
440 volts 

43 cycles 
375 volts 

25 tycles 
220 volts 

2 


2,900 

2,490 

1,450 

4 

1,650 

1,450 

1,240 

725 

6 

1,100 

970 

830 

485 

8 

825 

725 

620 

360 

10 

660 

580 

495 

290 

12 

550 

485 

415 

240 


713* INEFFICIENCY OF MACHINES. The fundamental fault that is the 
prime cause of the power problem is that most machines are very inefficient, 
often quite deplorably inefficient. 

Machines that are largely cam-operated usually show that the designer 
has taken some pains to make the working part of the cam contour of the 
correct shape, but has taken no pains whatever with the return cam contour, 
his only concern being to get the return movement over and done with as 
quickly as possible. If cams are designed so that the whole of the movement is 
as gentle as it is possible to make it, not only is there often a very great power 
saving, but there is much less wear and tear on the machine parts. 

Many machines take almost as much power running light as on full load— 
for example looms. Here is an assortment of readings from machines in the 
author’s factory :— 

Load 



Output or 

Machine 

Machine 

Efficiency 

Machine 

speed per 

running 

on full 


minute 

on no-load 

load 

per cent. 

Sugar packeting machine.. 

61 packets 

3-6 

3*8 

5 

Gan body maker .. 

73 bodies 

1-4 

iG 

»3 

Can double seamer 

290 cans 

49 

6-9 

29 

Rotary sugar drier 

4 cwt. 

50 

7-5 

33 

Boiler feed pump 

2,940 revs. 

170 

250 

32 

Sundry machine tools in 
engineers’ shop 

— 

8-4 

9-6 

13 

Average of all centrifugal 
pumps on liquor 

_ 



21 


So that apart from any electrical considerations there are tremendous 
possibilities from the mechanical point of view for power saving. Do we ever 
see advertisements saying that the advertiser’s machine takes only half the 
power of those of his competitor ? 

714. BAD LAY-OUT. Often plant is added to meet extra demand without 
adequate thought. The urgent consideration is simply to find an empty space 
in which the new plant can be dumped and to get it going as soon as possible. 
The original lay-out has probably been well thought out and all economics of 
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handling and driving have been considered, but later additions often involve 
wasteful handling and awkward drives. 

A pumping system in the author’s factory, which had been installed as a 
makeshift and allowed to carry on as a permanency, was found to have an 
overall efficiency of i • 6 per cent. ! It was a centrifugal pump of too large a 
capacity running too fast and discharging into too small a pipe. 

Material is often allowed to drop unnecessarily far, when it has to be 
elevated, lifted or pumped up again. Gravity can be a good power-saving ally 
and must not be wasted. 

715 . LUBRICATION. The choice of lubricant is much more important than 
is generally realised. It is not so important to choose the maker of the oil or 
grease as the correct type of oil or grease. There is little to choose between all 
the first-class oil makes. It is very difficult to get really good advice. The 
maker of the machine can seldom give real help. The experienced user is 
much more likely to know. Therefore it is probably better to find a user of the 
same type of machine and see whether any information as to the best lubricant 
can be extracted. The maker does not know unless a user has told him. All 
the maker can do is to specify a first-class make and make a guess as to the 
best type of oil. 

The can double seamer tabulated in Section 713 is an excellent example of 
poor lubrication technique. A great tangle of fast running epicyclic gears is 
housed in the six-head rotating turret. Oil cannot be used lest it leak out and 
drop into a can, so that the turret is lubricated with grease. With certain types 
of grease the turret gets so hot that the hand can hardly be held on it, whereas 
\vith other types of grease it only gets about blood heat. Much of the load on 
the motor is due to churning this grease and shearing many grease films. The 
machine will not take load in the morning unless it has first run light for 
20 minutes or so in order to melt the grease. 

The textile industry have carried out investigations into the lubrication of 
spinning frames and have found that very marked power savings can be got 
from the correct choice of lubricant. 

The substitution of ball or roller bearings for plain bearings, particularly 
on line shafts is another great power saver. But in many cases there would be 
no need to go to this expense if only the bearings were correctly lined up. 
Gases have been met where the power needed to drive a line shaft has been 
more than halved by lining up the bearings correctly. 

716 . IDLE RUNNING. One of the simplest methods (in theory) of saving 
power is by cutting out idle running. It is not so very simple in practice. 
It either calls for constant supervision or it must be done automatically. 

A foot switch so placed that if the operator leaves the machine its motor 
trips can sometimes be used. 

Some factories consider that idle running is of little importance as the 
machine is on no-load. The list of machines and their no load power consump* 
tion in Section 713 should dispel this idea. Only too often the idle no-load 
current is little different from the full load current. 
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During 1944 an attempt was made in the author’s factory to measure the 
idle load. At the time of the test the load was varying between about 2,600 
and 2,800 kW. Calculation gave 420 kW as the actual work done. 

One Sunday, with no material in process, as much of the plant in the factory 
as possible was run idle under conditions as nearly as possible simulating real 
working conditions. Fans could not, of course, be run light. 

The power needed to turn the idle wheels was 2,120 kW. 

Work done (calculated) . . 420 kW 

Fans (estimated) . . . . 150 

Idle current (measured) . . 2,120 

2,690 kW 

Average load .. . . . . 2,700 k\V 

This is a very remarkable agreement, and confirms the awful truth that this 
factory wastes 4/5 of its power in useless friction. 

717 . BLUNT TOOLS. In all machining operations sharp tools are of 
greater importance than almost anything else. Only a sharp tool will give* a 
good finish to correct size. A blunt tool can easily use up to eight times the 
power taken by a sharp tool. The heat produced by a blunt tool (clear 
indication of power waste) accelerates blunting, and may cause distortion of 
the work with consequent uneven machining. A sharp tool will always run 
coolei or faster (or both) than a blunt tool. 

It will generally pay to stop a machine that is running with blunt tool, 
and sharpen or change the tool. The lime lost in sharpening is more than 
regained in quicker, more accurate, better finished work and a substantial 
power saving. 

718 . LIGHTING. The march of civilisation as played by the factory inspec¬ 
torate band is calling for greatly improved standards of factory lighting. This, 
on the face of it, would seem to demand a bigger lighting current. It may 
however be possible, by careful arrangement, to get greatly improved lighting 
from the same load. 

Much can be done by correct placing of the lighting points and correct 
choice of bulb size. Three lOO-watt bulbs give much better light distribution 
than one 300-watt. Big powerful bulbs are more susceptible to vibration than 
smaller bulbs, but if fitted where they are not subject to vibration they seem to 
have just as long a life. The more powerful gas-filled bulbs give rather more 
illumination per watt than the smaller bulbs which are also relatively very 
expensive. Fig. 398 indicates that the 200-watt bulb is less eflectivc than 
100-watt or 300-watt bulbs. 

White or near-white paint is a great help. There is no reason why plant 
should be painted dark grey or why machines should be painted black. Hot 
plant should be painted aluminium. Other plant can be painted white, pale 
grey or deep sky blue. The addition of a little touch of bright contrasting colour 
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often gives a great illusion of brightness ; for example, plant painted pale grey 
and picked out on flanges and other points with scarlet looks very gay and appears 
much lighter than it really is. 

One of the stock objections to the use of bright or light paint on machines 
is that oil leaks make dirty brown stains. By using white or nearly white paint 
there is born an urge to eliminate oil leaks. The author has seen a machine 
shop where all the lathes, millers, etc., were painted cream. It looked amazingly 
bright and cheerful, and oil stains were noticeably absent. A foundry has been 
painted cream, picked out in green ; it was very effective and lasted well. 




o I - 

100 200 

RATING - WATTS 

FIG. 398. COST AND LUMINOSITY OF FLECTRIC LIGHT BULBS (1945) 

Fluorescent lighting may possibly sweep all other lighting away, except for 
purely spot illumination. At present (1945) fluorescent lighting performance 
docs not follow the book of the \vords. The current consumption for a given 
lighting is much less than with filament lighting. \Vhether the saving will 
warrant the cost of changing over depends on the local cost of clectricitv. In 
any new plant fluorescent tubes should certainly be considered. 

When estimating the saving by the use of fluorescent tubes the light intensity 
given by the makers must not be used. This is the new light output. It falls 
off considerably during the first few hundred hours, falls off less rapidly during 
the next 1,000 hours and the illumination can be taken as constant, with no 
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further falling off after 2,000 hours when the luminosity may be 70 per cent, 
of the maker’s figure. On the other hand, the makers give 2,000 hours as the 
life of a fluorescent tube, whereas in the author’s factory the average life has 
proved to be nearer 7,000 hours, and some tubes have run for 14,000 hours. 

The light from a fluorescent discharge tube is actually in the form of rapid 
short flashes which are separated by such a short interval that they merge 
together when seen by the human eye and are not normally detected. Moving 
objects however show to many people, but not to the majority, a definite 
stroboscopic or flickering effect, which is very irritating and tiring to those who 
can see it. This stroboscopic effect can be practically eliminated by grouping 
the tubes in threes and running one off each phase. The perceptible amount of 
stroboscopic effect varies with the make of tube. 
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CHAPTER 23 

MAKING THE MOST OF ECONOMISERS 

Men do not realise how great a revenue economy is. 

CICERO. Poaradoxa, b.c. 50 

AN economiser is usually looked upon as simply an extension to the boiler. 
There is no rational justification for this view. The economiser need have 
nothing whatever to do with the boiler except to share the same fireside. Big 
steam savings can often be secured by modifying the conditions under which 
an economiser works. 

719 . WIDENING THE SCOPE OF ECONOMISERS. Feed water cannot 
claim the monopolistic use of an economiser. Anything which needs heating 
and can flow through an economiser without danger of damage from over¬ 
heating can be heated in an economiser. 

Many economisers which have been condemned by the insurance company 
for working at boiler pressure, or rather at the pressure for which they were 
installed, can often be brought back into useful service with a little rearrangement. 

Many economisers are only partly pulling their weight because conditions 
have changed and they must be partly bye-passed to avoid condensation and 
corrosion, or water hammer. 

Many boiler installations fitted with good economisers put their flue gases 
up the chimney considerably hotter than is necessary. In such cases it is often 
possible to fit additional or sub-economisers which can collect much of this 
useful wasted heat. 

Why should a steam boiler be generally considered to have the sole right to 
an economiser ? Any furnace gases that are over 400® F., whether from a 
furnace, retort, oven, kiln or what not, should be considered in case an 
economiser can be fitted to do some useful heat abstraction. 

720 . WHAT AN ORTHODOX ECONOMISER IS AND DOES. The 

temperature of water in a boiler is approximately the boiling point at the 
particular working pressure, i.e., 338® F. at 100 psi, 388® F. at 200 psi, 489® F. 
at 600 psi and so on. Heat transfer from hot gases to steel boiler is relatively 
poor and requires a wide temperature difference to be effective. It follows that 
the gases must leave the boiler considerably hotter than the boiler temperature 
(several hundred degrees hotter). 

I'he feed water usually goes to the boiler much cooler, but if this cool feed 
water is pumped through an economiser on its way to the boiler it can absorb 
much of the heat remaining in the flue gases. 

The economiser is simply a bank or series of tubes placed in the flue at the 
back of the boiler. 

There is an important difference between the heating surface of an econo¬ 
miser and that of a boiler. The water in the boiler and the boiler shell itself 
are at approximately the same temperature throughout. At the furnace end 
of the boiler there is a very large temperature difference between the gaises and 
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the boiler and the heat transfer is good and quick. As the gases pass through the 
boiler they get cooler and the heat transferred from them to the boiler decreases. 
It follows, therefore, that each succeeding attempt to reduce the temperature 
of the exit gases by increasing the boiler heating surface will give a diminishing 
return. 

The economiser, however, has a channel of water which increases its 
temperature all the way, so that obviously both the water and the gases have 
a temperature gradient. By arranging the gases and the water to flow in opposite 
directions the heating surface of the economiser can become equally effective 
at the gas outlet as at the hot end (within certain limits). For this reason 
additional heating surface added to a boiler plant to extract more heat from 
the flue gases is cheaper and smaller if it takes economiser form than as additional 
boiler heating surface. In fact it is impossible to cool the gases adequately in 
the boiler, even by extending the surface beyond practical limits, whereas an 
economiser can cool them by any reasonable amount. 

There are limits to the use and size of an economiser—one at the hot end, 
another at the cool end. 

721. THE LIMIT AT THE HOT END. In the original type of vertical cast 
iron economiser (i.e. the type still commonly found in existing plants and to 
which this chapter is mainly intended to refer), water should not be raised to the 
full temperature of the boiler, otherwise steam will be generated where there is 
no provision to deal with it. In practice it is usual to proportion the economiser 
so ihsLt the water temperature at the outlet is not raised to within 50F. of the 
boiler temperature. This is to avoid water hammer d\ie to the sudden con¬ 
densation of pockets of steam which would otherwise be formed in the econo¬ 
miser, under fluctuating load conditions. 

Methods of dealing with water hammer troubles are described in this 
chapter. 

In some modern plants steam formed in the economiser can pass to the 
boiler without causing trouble. With these steaming economisers”, the 
limit at the hot end is practically eliminated. 

722. THE LIMIT AT THE COOL END. The water should not enter the 
economiser below a certain temperature otherwise rapid coirosion of the tubes 
will take place. 

Before coal can be burnt, the moisture contained in it must be evaporated. 
All the hydrogen in the fuel burns to water vapour so that flue gas from the 
burning of coal contains an appreciable percentage of water vapour. Below 
a certain temperature this water vapour wall condense—this temperature is 
called the “ Dew Point ”. 

If cold water is fed into an economiser, water vapour from the flue gas will 
condense on the outside of the cool tubes. This would not matter very much 
if the condensed water was pure, but it is not ; it always contains acids, pro¬ 
bably a mixture of sulphurous and sulphuric ; these result from the burning of 
some of the sulphur which is present in all coals to a greater or lesser degree. 
The presence of sulphuric acid raises the dew point and is thus doubly un¬ 
desirable. 
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723 . ACID FLUE OASES. Sulphur in coal burns normally to sulphur dioxide, 
but traces of sulphur trioxide are often found in flue gas. It has been suggested 
that the flue dust acts as catalyst to cause the SO2 to take up oxygen to form SO3. 
Any SO3 present combines with the condensed moisture on a cool tube and 
forms sulphuric acid which attacks the metal, forming ferric sulphate. Ferric 
sulphate is a powerful catalyst for inducing SO2 to oxidise to SO3. So that a 
minute amount of SO3 in the gas can cause the formation of an appreciable 
amount of sulphuric acid on the tubes. 

The acid thus formed can cause rapid corrosion of the economiser tubes. 
It is therefore common practice to preheat the water entering the economiser 
so as to preclude, or at any rate minimise, condensation and corrosion. 

724 . HISTORICAL DIGRESSION. Nowadays dew point is a big, bad 
bogey. Two generations ago it was no great shakes. Why ? Sixty years ago 
the gases left the boiler very hot and much good heat went up the chimney. 
Green invented the economiser and what did he do ? He made his tubes of 
heavy < a^t iron and dew point troubles were seldom heard of in the good old 
days. Green also scraped the tubes continuously to keep them clean. 

Boiler pressures increased and cast iron was superseded by steel. Cast iron 
is extremely resistant to corrosion but steel likes nothing better than to corrode 
in any convenient acid. Dew point became of great importance with steel 
economibcrs and corrosion a real danger. So the big high pressure stations had 
to heat their feed water before it entered the economiser. This they did by 
steam bled off from the low pressure end of their turbines. What they lost on 
the economiser sw ings they more than recovered on their turbine roundabouts 
because bleed heating was a first-rate thermodynamical improvement. 

So the big high-pressure power stations rushed gaily into multi-stage bleed 
feed heating, in order to cut the maximum possible corner off the entropy 
diagram, until they had so heated up the feed water that the economiser could 
not cool the gases down sufficiently. So air heaters had to be installed to 
absorb the heat previously taken up by the economiser. Most air heaters are 
flimsy steel affairs which suffer even worse than steel economisers from dew 
point corrosion troubles because the air intake end of an air heater is often 
really cold. 

These tiresome tendencies are being corrected by two trends which are at 
present noticeable ; a somewhat less exuberant use of bleed heating and the 
development of cast iron air heaters. 

725 . DEW POINT. Condensation will take place on a cool heating 
surface if the surl'ace is at a temperature below the dew point of the gas. The 
temperature of the flue gas has nothing to do with condensation. That is to 
say, if a particular flue gas has a dew point of 100° F. and a temperature of 
1,000"^ F. its moisture will condense on an economiser tube if the tube surface 
has a temperature of 93° F. or so. It is often loosely said that flue gases must 
not be cooled down to their dew point. I'he bulk temperature of the gas is no 
guide at all. Locally the gas is bound to be cooled to below the dew point if it 
is in contact with a surface that is cooler than the dew point. 
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What is the dew point of flue gas ? It all depends on the fuel and the way 
it is burned, and it is difficult and indeed dangerous to try to lay down limiting 
figures. For what they are worth the following are rough guides and apply to 
dry fuel burnt with dry air :— 


TABLE LXXIV. APPROXIMATE 

FLUE GASES 


DEW POINTS OF 


FUEL 


DEW POINT 


Blast furnace gas 
Producer gas—Coke .. 
Producer gas—Coal . 
Town gas 

Coal—Good Midland 
Coal—Bad Sulphurous 


55° F. to 60° F. 
85° F. 

140" F. 

140° F. to 150° F. 
80° F. to 150° F.* 
Up to 300° F. 


♦These hgures must not be accepted as authoritative, 
give dew points of over 250° F. 


Seemingly good coals sometimes 


726 . CORROSION—DOES IT MATTER? If the surface is steel—yes. 
Steel corrodes readily and rapidly and is generally of light section, so that 
corrosion must not be allowed. Cast iron is another matter. It corrodes slowly 
and there is usually a generous margin of metal. 

An economiser generally pays for itself in three years—often in less. With 
present high-priced coal it is probably much less if worked on three shifts. 
Therefore even if the economiser corrodes away in three years no money has 
been lost—or saved. Instead of buying weekly coal we buy three-yearly 
economiser. Anything over three years’ life is pure net gain. 

It is curious that this point is not fully appreciated by owners who regularly 
renew their grates every few years without complaint. 


727. WIDENING THE LIMITS, Now, what can be done to extend the 
limits that restrict the gain from the economiser ? At present in only too many 
plants the restrictions are accepted and the limits upheld by bye-passing the 
flue gases to prevent water hammer anej by pre-heating the feed water, only too 
often, by means of live steam. Both these lamentable heat-wasting practices 
can be obviated quite simply. Some of the methods are shown in the following 
set of examples. 

For these examples an ordinary “ Lancashire ” boiler plant, with an 
economiser of vertical tubes in parallel, has been chosen. Reasonable working 
temperatures arc given, but the actual temperatures obtained must depend of 
course on the quality of the fuel burned, the quantity of steam evaporated, the 
quantity of flue gases, the amount of excess air, the draught available, etc. ; 
so that the temperatures given can only be taken as indications of what can be 
done. 
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While considering the examples the following rough rules are helpful :— 
For I ° F. rise in feed water by the economiser, the flue gas temperature 
is lowered 2 ® F. (See Section 577 .) 

Approximately every 10 ° F. increase in feed water temperature from 
the economiser or by the use of waste heat saves i per cent, of fuel. 

728. CURING WATER HAMMER DUE TO HIGH FEED TEMPERA¬ 
TURE. A factory raises steam for process work at 150 psi. Originally only 
60 per cent, of the condensate was recovered at 210° F. ; 40 per cent, of treated 
make-up water was added at 60® F., giving a feed temperature of 150® F. at the 
economiser inlet, and 320® F. at the outlet. See Fig. 399. 



A fuel economy drive rightly gathered in more valuable condensate ; this 
resulted in the collection as condensate of 85 per cent, of the boiler feed and the 
increase in feed temperature to 187® F. These conditions are shown in Fig. 400. 
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FIG. 400. 


The water then left the economiser at only ii° F. below the steaming 
temperature and, as this margin was insufficient to cover normal variations in 
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running conditions, ominous water hammer occurred. To get over this the 
setting of the economiser dampers was changed and, to be on the safe side, they 
were locked so as to bye-pass rather too much gas to the chimney. 

The new condition is shown in Fig. 401 where it will be seen that the 
chimney gas temperature has increased to 410° F. and the economiser water 
outlet temperature lowered to 305° F. 



The management soon realised that, although they had increased efficiency 
about 3} per cent, by recovering the condensate, they were now also reducing 
it 4 per cent, in the economiser (the ne‘t result being I per cent, loss) and other 
tactics were considered to prevent watci hammer without bye-passing the gases. 

The final decision was to revert to the original setting of dampers and run 
the feed pump continuously at full speed, bleeding a portion of the feed 
water to a flash tank feeding steam to the process main at 5 psi. See Fig. 402. 



A relief valve was inserted between the main feed line and the flash tank 
to maintain the required pressure on the feed line. The boiler feed valves 
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controlled the amount of water fed to the boiler and all surplus water passed 
automatically to the flash tank where the released sensible heat was sufficient 
to flash about 5 per cent, of the boiler feed into steam at 5 psi. 

Adequate feed pump capacity is needed in this arrangement and the 
installation of an additional pump may have to be considered, and may be 
worth installing. 

N.B .—Before operating such an arrangement the boiler insurance company 
should be consulted if it is found necessary to set the relief valve above normal 
blow-off pressure. 



FIG. 403. 

729 , CURING CONDENSATION DUE TO COLD FEED WATER. 

A factory raises steam at Go psi. 36 per cent, of the water evaporated is 
recovered as condensate, the remainder being made up with treated water. 
The arrangement is sho\vn in Fig. 403. 



FIG. 404. 


llic management decided to use all the condensate for a process that needed 
distilled water ; therefore, the bond's were fed entirely from the cold treated 
water. I'hese conditions will be seen in Fig. 404. 
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The result was severe corrosion of the economiser due to condensation 
of the flue gases. After consideration, the management decided to make two 
additions to the feed circuit. See Fig. 405. A coil was installed in the feed 
tank to recover the latent heat in the exhaust steam from the feed pump. The 
feed temperature W 2 is raised approximately 10° F. by this. This was a useful 
step in the right direction, but was insufficient to cure the condensation, for 
which an economiser inlet water temperature of 110° F. was to be aimed at. 



FIG. 405. 


By recirculating approximately 33 per cent, of the feed water around the econo¬ 
miser, the inlet would be raised to this temperature and this was done by the 
installation of a “ National circulator 
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There are several ejector type “ circulatorfittings on the market, but 
recirculation can also be done by centrifugal pump. Sometimes it is sufficient 
merely to “ short circuit ” some water from the economiser outlet to the feed 
pump suction line by means of a suitably valved pipe connection. The 
water circulators work on exactly the same principle as the steam circulators 
described in Sections 501 and 503. 

730 , ECONOMISER BECAME TOO BIG. A distillery with six boilers 
operating at loo psi recovered 50 per cent, of the condensate for boiler feed 
at 200° F. The remaining 50 per cent, was made up with soft well water. 
One large three-bank economiser was common to all six boilers, as shown in 
Fig. 406. 



As the result of a great economy drive, the process was turned inside out. 
As much condensate was recovered as possible and all of it was used in the pro¬ 
cess. At the same time the steam demand was so reduced that three boilers 
could now carry the load. The well water was too cold, of course, to put into 
the economiser and was warmed to 120"" F. by means of live steam injected into 
the feed tank. I'he economiser was now far too large for the smaller amount of 
feed water passed through it, so that a large proportion of gases had to be passed 
direct to the chimney. This deplorable arrangement is shown in Fig. 407. 

The management, being economy-minded, “felt their position keenly’’, 
so they reorganised their economiser, effecting a remarkable improvement. 
Fig. 408 shows what they did. 

The three banks of the economiser were separated and given three separate 
jobs to do. The bank taking the hottest flue gases was used as a normal 
economiser heating the boiler feed. The middle bank was used to pre-heat the 
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cold well water with rapid circulation so as to prevent condensation troubles. 
The pre-heated water to the first bank was taken from a mixing tank through 
which water from the middle bank was continuously recirculated. The amount 
of water passing through the circulating pump was just over twice the amount 
of feed water. The bank nearest the chimney, where the gases are coolest, 
was connected to the low pressure hot water heating system warming the office 
block, thus enabling an independent coke fired boiler to be shut down. 



FIG. 408. 


It will be noticed that after the alterations only the first bank of the econo¬ 
miser was working under pressure. When the space heating economiser is 
not wanted in summer, a length of pipe is taken out in both flow and return, 
as near the economiser as possible, and the economiser is drained ; the tem¬ 
peratures arc too low to do it any harm. 

731 . THE USE OF A CONDEMNED ECONOMISER. A factory with an 
old economiser, which brought the flue gas temperature down to 500"^ F., was 
told by its insurance company that the economiser could not be rc-insured for 
the required boiler pressure. A new economiser was erected, therefore, along¬ 
side the existing one. When the new economiser was installed, the flues on 
the old plant were so altered that the gases leaving the new economiser at 
500° F. passed through the old one. The old economiser was split into two 
parts, the larger hot part was used with a circulating device to heat water for 
process work and the remainder was connected to the pumped hot water system 
dealing with the space heating of office and warehouse. As both sections of the 
old economiser then worked at a very low pressure, they were good for many 
years’ useful service. 
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732 . ANOTHER CONDEMNED ECONOMISER. In another works a large 
economiser installation was condemned and, due to the way in which it was 
situated, it would have been a tremendous job to replace it. Further, it would 
have been impossible to replace it without interfering with production for a 
long period. The outlet water temperature from the economiser was only 
215® F. so it was left in position and the system was changed to operate it at 
low pressure. The outlet discharged into a closed insulated tank provided with a 
safety valve set at 5 psi. The water was drawn from the tank to the boilers 
by the boiler feed pumps. The system worked very well and the old economiser 
was given a new lease of life. It was estimated that the cost of replacement would 
have been something like £ 10,000, whereas the alteration cost less than £ i ,000. 

733 . USING AN ECONOMISER AS AN AIR HEATER. The economisei 
in a tannery boiler plant was condemned. It was converted into an air heater 
for heating air for the drying rooms. It has been working satisfactorily in this 
way for 25 years. 



FIG. 409. LAl'NDRY BOILER PI ANT 


734 . OLD BOILER CONVERTED INTO ECONOMISER. In a laundry 
in Durliain there were three boilers giving the following outputs ;— 

lb. I hr. 

Economic .. .. .. .. .. 4,150 

I.OCO . . . . . . .. .. .. 2,400 

Cornish .. .. .. 3,150 

9>7O0 


The feed water was quite cold to the boilers. The economic boiler was fed 
by an injector (see Fig. 409). 
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Many economies were made and the feed water was heated to a good 
temperature by means of exhaust steam. The steam demand was reduced to 
8,350 lb./hr., which, now that the feed was hot, could be produced from the 
economic and loco boiler without using the Cornish boiler. 



The hot flue gases from the loco boiler were passed through the fire tube of 
the Cornish boiler which added 40"^ F. to all the laundry hot water, amounting 
to 28,960 lb,/hr. (See Fig. 410,) Assume a boiler efficiency of 65 per cent. 

This amounts to a coal saving of :— 

— - -^ ~ say 178 lb. coal/hr. 

10,000 X *65 

If the net working week is 45 hours, the annual coal saving is 175 tons 
worth ^450 to £500. 


735 . WIDENING THE SCOPE OF ECONOMISERS. I'herc is no reason 
why an economiser should be looked upon as solely a water heater. An 
economiser can be used for heating liquors, lye, wort, oil, tar—in fact anything 
that will flow through it and that requires lieating. 

Sufficient examples have now been given to show that there are all kinds of 
ways by which the scope of the economiser can be widened. The economiser 
can be used :— 

1. As an orthodox high pressure feed-w^ater heater. 

2. As a low pressure pre-heater for cold feed-water. 

3. As a process water heater. 

4. As a heater for process liquids other than water. 

5. As a space heating boiler. 

6. As a water super-heater for flash steam production* 
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There are many economisers working to-day without troubles where the 
inlet water temperature is only i io° F., or with exit gas temperatures of 220"^ F. 

736 . SUPER-EFFICIENT POWER STATIONS. The present tendency in 
large boiler installations is to put the gases to the chimney at or near 300 from 
the air heater. It is possible that an improvement in efficiency would be obtained 
by cutting out one of the low temperature turbine bleeds and substituting for its 
stage heater a sub-economiser between the air heater and the stack. If a 
station is working a high-grade technique and cuts out one of its low tempera¬ 
ture bleeds it will drop in thermodynamical efficiency. If it circulates its 
condensate through a sub-economiser instead of a bleed heater and reduces its 
flue gases from say 300° F. to say 200^" F. it will probably put 50'' F. into its 
feed water thereby gaining on balance. The sub-economiser can be of cast 
iron as it has not got to withstand more than the pressure necessary to cause 
the water to flow through it. 



FIG. 41 I. SUB-ECONOMISER REPLACING TURBINE BLEED 

Fig. .411 is the entropy diagram of a high perfoniiance station. If the fourth 
bleed, areas a + b, is dispensed with, those two areas wall pass through the 
turbine. Area a will be useful work ; area b ^vill be rejected to the condenser. 
But if the heat, areas a + 6, has been supplied by the sub-economiser, area a 
is free net gain and area b can be ignored. So that there is a net power gain of 
area j, which adds a good i per cent, on to the cycle efficiency. 

737 . KILNS, GLASS TANKS, FURNACES. Generally, serious efforts arc 
made by all good jilant owners to save as much heat as possible from the boiler 
flue gases, but it is regrettable that flue gases from other types of plant arc 
treated in a much more off-hand manner. Some kilns and furnaces lend 
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themselves admirably to the application of an economiser ; for example, the 
dew point of the flue gas from blast furnace gas is very low and much good 
heat could be extracted from it. 

738 . FEED TANKS OR HOT WELLS. In many factories cold water is 
deliberately added to the “ Hot Well ” because the feed pump will not handle 
the hot water. In other factories condensate is deliberately not collected for 
the same reason. Again, feed pump exhaust is often wasted, when it could well 
heat the feed water, because of feed pump trouble. The term “ Hot Well ” 
is a contradiction. If it is hot it cannot be a well. If it is a well it cannot be hot. 
If the feed water is to be very hot the tank must be above the feed pump 
suction. If a sunk tank is needed for condensate collection the hot water can 
be raised to a higher feed tank by means of a return or pumping trap. The 
trap exhaust can be led through a coil in the feed tank and give up its heat to 
the make-up water. Suitable pump suction heads are given in Table XLIV. 
If the boiler feed consists of condensate at or about 212° F. many manage¬ 
ments or engineers appear to think there is no scope for an economiser. If the 
boiler pressure is only 100 psi the temperature of the water in the boiler will 
be 338° F. This means that about 75° F. can well be put into the feed water by 
an economiser, which will reduce the flue gases by about 150° F. Even at 
lower boiler pressures it may be an excellent plan to put in an economiser, 
part of which can do orthodox feed heating, while the remainder heats process 
water or does space heating. 

739 . SUB-ECONOMISERS. Because an economiser is fitted to a boiler or 
other plant it does not necessarily mean that the economiser is big enough 
or is doing all the possible heat recovery. It may prove practicable to add 
another economiser between the original economiser and the chimney. If the 
gases arc leaving the orthodox economiser at 500° F. a sub-economiser can 
probably cool them down to 300*^ F. If the furnace combustion is good, with¬ 
out too much excess air, there will be at least 16 lb. of flue gas for every lb. of 
coal burnt. If one Lancashire boiler is burning 8 cwt. of coal an hour there 
will be a flow from the flue of over 14,000 lb. of flue gas per hour. If the 
flue gas can be reduced in temperature by 200° F. it will be possible to recover 
700,000 Btu/hr.—just about the total space heating requirements of the brewery 
discussed in Sections 612 to 635. 

740 . POSSIBLE ECONOMISER PITFALLS. A word of warning—don't 
be deceived into thinking you have a very efficient plant or that there is no 
scope for a sub-economiser because there is a low gas temperature at the base 
of the chimney. Such a condition may be due to too much excess air or to air 
leakage through brick settings, etc., which should be periodically examined. 

Another word of warning—if success crowns your efforts and you succeed 
in greatly lowering the temperature of the chimney gases, you may be in 
trouble with draught. A cool chimney gives a poor draught. Induced draught 
fans may be needed. These are well worth while and the power required will 
always be less than the saving secured by cooling the gases. Sometimes draught 
fans as well as feed pumps can be steam driven with advantage, if the exhaust 
steam can be used from them all. The ease of speed control is useful. 
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CHAPTER 24 


HOW TO SET ABOUT STEAM SAVING 

The common problem, yours, mine, everyone’s, 

Is—^not to fancy.but—finding first 

What may be, then find how to make it fair 
Up to our means. 

ROBERT BROWNING. Biskop Blougram's Apology. 1885. 

THIS chapter is almost entirely composed of the author’s opinions. There is 
no cut and dried scientific method of saving steam. The author can only claim 
justification for airing his views because he has been associated with a very 
large and somewhat spectacular steam saving campaign in a factory that was 
generally considered “ efficient ” before the campaign started. 

741 . THE THREE FUNDAMENTAL STEAM SAVERS. There are three 
fundamental things, and three only, that should guide our steam economy^ 
and we should strive after them with might and main. 

(1) Prevent the escape of heat. 

(2) Reduce the work to be done. 

(3) Use the heat over again. 

In seeking to obey these three golden rules we can easily trip up. We must 
not go blindly collecting flash steam or waste vapour unless we are quite sure 
that we can use it and are not just going to waste an equal amount of live steam 
elsewhere. We must consider each of these rules in turn and in some detail. 

742 . PREVENTING THE ESCAPE OF HEAT. There are several types of 
escape and there are several kinds of heat. We will call one lot primary and 
the other secondary. 

Primary Heat Losses :— 

(1) Radiation. Sections 138, 161-170, 464. 

(2) Leaks. Section 160. 

(3) Safety Valve Blows. Sections 129, 424, 437, 524, 525. 

<^4) Faulty or Byepassed Traps. Sections 278, 314. 

Secondary Heat Losses :— 

{a) Engine exhaust. 

{b) Flash steam. 

(c) Condensate. 

(d) Blowdown. 

(e) Pan, vat and evaporator vapour. 

(P Hot waste effluent. 

The primary heat losses can be tackled straight away. No plan is necessary. 
No balance need be taken out. Primary heat is virgin heat. Primary heat 
losses are the only ones about which there is no shadow of doubt whatever. 
They should be stopped instantly. All the primary losses in the above list have 
already been dealt with in preceding sections, to which reference is made. 
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The savings obtained from eliminating the primary heat losses should not, 
in any self-respecting works, amount to very much, though safety valve losses 
may be very iriuch larger than is believed. But they can be attacked instantly 
without thought or plan and the attention given to them will have a good tonic 
effect on the thermal morale of the factory. 

The secondary heat losses present a very different problem. The possible 
saving may be very large indeed, but, unless a proper balance is taken out and 
a proper plan made, there may be no use for the heat that may have been 
saved at great trouble and expense. Most of the secondary heat losses hardly 
come under the heading of “ preventing the escape of heat ” ; they are often 
more correctly part of the technique of using the heat over again. 

Multiple effect evaporation can sometimes be looked upon as primary heat 
saving and sometimes as secondary heat saving. If the vapour from an 
evaporator is being wasted, and must be wasted, then turning the plant into a 
multiple effect machine is a primary heat saving. If, on the other hand, the 
vapour is used for useful heating in place of being wasted, the effect is the same 
as multiple effecting but the saving is secondary. 

743 . PRIMARY HEAT LOSSES. Everything hot should be lagged. It is 
much more important that everything should have some lagging than that some 
things should be elaborately lagged and other things left bare. Tables XXII 
and XXIII show this very clearly. If a certain amount of money is to be spent 
on lagging, i in. or even J in. applied everywhere is far better value than 
i J in. or 2 in. applied to certain privileged plant. 

Lagging is an absolutely certain winner, but of course, as in other things, 
there must be commonsense and moderation. Lag warm things thinly and 
hot things thickly, but lag everything that is above the local “ critical ” 
temperature which should, if possible, be found out. 

The “ critical ’’ temperature above which it pays to lag and below which it 
does not pay must vary with every factory. It depends on the return that the 
expenditure must give, and on the financial policy of the concern. It depends 
on the place and site of the factory, and its freedom or otherwise from 
draughts. It depends on the cost of coal. The subject has already been 
discussed in Sections i66 and 167, but a little repetition will do no harm. 

Select as long a length as possible of bare pipe carrying the hottest water 
possible in such a position that the flow through the pipe can be exactly calcu¬ 
lated or accurately measured. It may well be that there is no such pipe ; 
then the nearest approach to the conditions that is practicable should 
be made. With the help of Table XXIV find the area of the pipe. Measure 
the temperature of the water entering and leaving the pipe. Measure the 
temperature of the surrounding air. Find the amount of water flowing during 
the time the temperature measurements were taken. This will give the heat 
loss/sq. ft./hour. See that this figure is of the same order as the figures given 
in Table XXIII. By the method described in Section 350 find the mean 
temperature difference. This will give the loss/sq. ft./hour/° F. difference. 
By the method described in Section 166 find the coal value of the heat loss. 
Get the pipe lagged with good lagging of reasonable thickness—say i in. or 
T J in. Get the exact cost. Take the heat loss over the lagged pipe and thus 
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calculate the heat that has been saved. It is then easy to find the time in which 
the cost of lagging will be repaid. If the, temperature drop was i oo° F. and the 
repayment time was three years we shall not be very far wrong in saying that 
with a temperature drop of 6o° F. the repayment time will be six years. If it 
be decided that lagging must repay its cost in six years, everything that is 
6o° F. hotter than its average surrounding air can and should be lagged. 
We must not take direct proportion for the heat loss and temperature difference 
because the hotter a thing is the greater is the rate of heat loss apart from the 
temperature difference. Lagging should be painted with aluminium paint. 

If lagging is properly done and is properly covered and if the paint is renewed 
sufficiently often, lagging can easily have a life of 20 years or more. 

Leaks need no comment or discussion. They have been dealt with in 
Chapter 4. They must be stopped entirely as soon as possible. 

Safety valve blows are, as has been explained in Chapters 3 and 15, largely 
a matter of management. The wastefulness of certain types of safety valve have 
been discussed in Chapters 16 and 19. Safety valves merit close attention. 

Traps must be properly maintained. A routine schedule of inspection and 
service is probably the only way in which traps can be kept in satisfactory 
working order. If traps are byepassed when starting up high pressure plant 
from cold—and byepassing is the only safe rule under certain conditions— 
the management must see that the factory organisation is such that the byepasses 
are shut as soon as the plant is hot. 


744 . SECONDARY HEAT LOSSES. Most of the secondary heat losses 
come under the heading of using the heat over and over again, and will be 
discussed under that heading. It is generally unwise to tackle the secondary 
heat losses without taking out some kind of heat balance, be it never so simple 
and crude. It is quite useless just looking at the blast of steam from some pump 
exhaust or flash tank and collecting it by using it for heating water until it is 
certain that some other steam will not in consequence be blown to waste. An 
excellent example of this appears in the laundry illustrated in Section 605. The 
wasted flash steam from the collected condensate amounts to 280 Btu/lb. dry 
laundry, and the impetuous enthusiast might set about a flash collecting scheme, 
but what in the world can possibly be done with the flash heat ? Far more than 
enough heat for water heating is already being provided by the engine exhaust, 
so that the collection of the flash could only make more exhaust blow to atmos¬ 
phere, no economy would be secured and all the cost of the flash collecting 
system would have been wasted. 

Similarly there must be clear thinking regarding lagging. The lagging of a 
hot pipe is not necessarily saving primary heat. If the pipe is carrying conden¬ 
sate the heat is secondary. By lagging the condensate pipe the condensate may 
be so hot at the hot well that it must be cooled down before the pump can 
handle it. As has been shown in Section 398 it may pay to do the opposite of 
lagging to some condensate pipes, for example in space heating systems, namely 
fit them with gills or fins when there will be no flash heat to save. 

So that one important thing is now clear. Before going baldheaded at 
lagging in order to save primary heat losses, make quite sure that they are 
really primary and not secondary. 
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745 . REDUCING THE WORK TO BE DONE. This is a most fruitful 
source of saving and should be tackled bciore attacking the secondary heat 
losses. Sometimes it can be done without taking out the heat balance, but 
generally it is better to get the heat picture of the whole factory before investi¬ 
gating all the ways in which the work that the steam has to do can be reduced. 

The kind of savings that can be made under this heading are :— 

Reduction of processing temperature 
Reduction of reprocessing 
Quick processing 
Full loading 

Mechanical water removal 
Processing at lower water content 

Taking advantage of exothermic or endothermic reactions 
Increased yield 
Reduction of power load 

Let us examine each of these in turn, except the last which has been dealt 
with in Chapter 22. 

746 . REDUCTION OF PROCESSING TEMPERATURES. Some of the 
benefits of process temperature reduction are obvious. If the processed material 
is being heated to a temperature higher than is really necessary some useless 
heat is being used. This heat will probably be lost, because it is often difficult 
or impossible to take the heat from the product by heat exchange. In addition, 
higher temperatures mean higher radiation losses from all the plant surfaces. 

Apart from heat savings there are many products that deteriorate at high 
temperature and quite a big saving of material may be made by processing 
cooler—this is especially the case with organic substances, particularly food¬ 
stuffs. 

A more subtle advantage from the use of lower temperature can be found 
in any sugar factory. When sugar is being crystallized from a syrup it is necessary 
to concentrate the mother syrup to a certain supersaturation. Now the 
saturation point varies with the temperature, that is to say, more sugar is 
dissolv^ed in hot water than in cold water. 

We will take two crystal batches each giving 10 tons of sugar crystals, but 
one batch will be crystallized at 175° F. and the other at 140® F., the mother 
syrup in both having the same supersaturation, namely i • i (which means that 
where i unit of sugar in solution represents saturation or all that the water will 
dissolve, there are actually i • i parts of sugar in solution due to over- 
concentration by the evaporation of water). We will assume a ciystal yield of 
50 per cent, and that the original liquor has an initial density of 68 per cent. 

Input, 20 tons of sugar in a water solution of 68 per cent, density 
68 tons of sugar in 32 tons of water 

J) 5> 9*4^ 55 53 

Density of syrup at i • i supersaturation 80-7 per cent, at 175^ F. 

76*4 per cent, at 140^ F. 
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Output (i). 80'7 tons sugar in 19*3 tons water 

therefore 10 „ „ „ 2-39,, 

Evaporation 9-41 — 2-39 = 7*02 tons of water. 

Output (2) If 76-4 tons sugar in 23-6 tons water 

>5 3 J 33 3*^9 33 33 

Evaporation 9*41 — 3* 09 =■ 6*32 tons of water. 

So that by finishing the crystallizing process at 140® F. instead of 175® F. 
we save the evaporation of 7 • 02 — 6 *32 = * 7 tons of water per 10 tons of sugar. 
On an output of 8,000 tons a week this amounts to a weekly evaporation saving 
of 560 tons, or an annual coal saving of 3,750 tons. 

747 . REDUCTION OF REPROCESSING. Many products soiled in process 
are 100 per cent, recoverable. For example, laundry or sugar. There is 
consequently a tendency on the part of the operators to be very careless and 
allow much floor spillage, etc., because they know that the material is not 
lost but is recoverable. 

The reprocessing due to all causes in the author’s factory is normally between 
I and 2 per cent. It was only reduced to this figure after a long, wear)" campaign. 
It is satisfactorily maintained at this level by ordinary managerial control 
through the medium of a book in which the weight of reprocessed material from 
every department is entered each week. During the autumn of 1940 the book, 
amongst other things, was lost. The loss was not noticed until the summer of 
1941 as the managf*ment had other preoccupations. In the meantime the 
reprocessing had risen to over 4 per cent. Without any other action whatever, 
the provision of a new book brought the reprocessing back to 2 per cent, within 
6 weeks. The reduction of reprocessing by 2 per cent, was, at 1941 output, 
equivalent to a saving of nearly 14 tons of coal a week. 

748 . QUICK PROCESSING AND FULL LOADING. Heat loss by radia¬ 
tion and convection from tanks, vats, etc., accounts for much of the heat used 
in most factories. If the processing time can be halved, only little more than 
half the plant will be needed, and consequently the heat lost by the processes 
will be nearly halved. 

The provision of large tanks is one of the easiest substitutes for smooth 
process operation. Tanks are very necessary, but often tank capacity is greatly 
overdone and material is kept in heat for hours longer than is really necessary. 
If there is ample tank capacity, hitches, hold-ups and surges in the process can 
be nicely hidden. If the process can be so organised as to flow smoothh" it may 
be possible to put half the tanks out of action and save their heat loss completely. 

One of the greatest sources of waste in factories using dr)ing processes is ‘ 
underloading of the drier. Suppose a drying calender is running at a certain 
speed. The steam pressure is adjusted to give complete drying of the material 
in one pass through the calender at this speed. Now^ suppose the speed is 
such that the operator cannot feed the work sufficiently fast to keep the whole of 
the heating surface covered. If the machine is slow^ed down to such a speed that 
the operator can keep the calender fully loaded the work will be longer in 
contact with the heating surface and the steam pressure can be reduced. Four 
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benefits result. At the lower pressure the machine loss« will be ]<wer. Grod 
uncovered heating surface will not be losing heat to the surrounding. The 
steam consumption will be less due to the higher latent heat at the lovwr 
pressure and to the reduction in loss. There will be less flash heat in the 
condensate. 

Drying by hot air can be even more wasteful if the drier is not fully loaded. 
All the time the air is being heated, steam is being used. The amount of actual 
drying done by the hot air has no effect on the steam consumption. It is 
therefore most important that a hot air drier be kept fully loaded and then 
shut down. 

749 . MECHANICAL WATER REMOVAL. This is probably of greatest 
importance in textile processes, dyeing, bleaching, laundering, paper-making. 
The removal of gross quantities of water from such things as textiles can be done 
far more economically by mechanical means, that is by mangling, squeezing or 
hydro-extraction, than by heat, by calender, press, tumbler, tunnel or chamber. 

In the laundry discussed in Chapter 20 the amount of dry laundry 
handled was estimated at 38,000 lb./week. If the hydro-extraction in this 
laundry could be improved from 50 per cent, to 45 per cent, of moisture in the 
goods leaving the hydro, there would be a saving of water to be evaporated of 
I, goo lb,/week which would save some 4,000 lb. of steam or some 7 cwt. of coal 
a week. 

In the making of paper the opportunities of removing water mechanically 
rather than by steam heat are immense. The web as it enters the machine is 
really a web of water entangled in fibre. It leaves as a web of fibre almost dry. 
The water is removed mechanically before the web passes on to the steam 
heated drying cylinders. The removal of water from paper gives us another 
excellent example of the danger of thinking in percentages unless the meaning 
of the percentage is fully understood. 

The dilute pulp or “stuff” is put on to the porous band at the wet end of the 
machine with about 99 per cent, of water. The suction and squeezing arrange¬ 
ments or couch rolls remove say 96 per cent, of the water which brings the 
composition of the web down to say 25 per cent, fibre and 75 per cent, water. 
This water must be removed by the steam-heated cylinders of the machine. 
Now suppose the suction and couching could bring the water content down to 
70 per cent, instead of 75 per cent., what would be the saving ? 

25 parts of fibre and 75 parts of water 

93 >> >5 99 99 7 99 99 

93 99 99 99 99 279 99 99 

272 99 99 

30 parts of fibre and 70 parts of water 

93 99 99 99 99 7 99 99 

93 99 99 99 99 217 99 99 

210 „ 

By reducing the water content by 5 per cent, from 75 per cent, to 70 per 
cent, the evaporation has been cut from 272 to 210 or a reduction of 23 per cent. 

Percentages can give very false impressions. 
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750 . PROCESSING AT LOV^ER WATER CONTENT. The processing of 
water soluble materials is almost always easier at high dilution than at high 
concentration. If output is being pressed for or the process is giving trouble, 
the easy aid of extra dilution is very tempting. If the water has all to be 
evaporated the waste of steam is exactly proportional to the added water. 
Here is an example from the author's factory. 

Sugar liquors can and should be filtered at 70 per cent, concentration. 
If the coagulation of the gummy impurities is badly done filtration is slowed and 
throughput suffers. The result is that to maintain the required throughput 
the liquor has to be diluted to say 66 per cent. With an output of 8,000 tons 
a week this results in the following :— 

Instead of 

70 tons of sugar in 30 tons of water, 
or 8,000 ,, ,, „ 3 j43^ >> >> 99 

we have 

,, ,, ,, 34 99 5 > 

or 8,000 ,, ,, ,, ^yi2o ,, ,, ,, 

Extra evaporation 4,120 — 3,430 = 690 tons of water per week, or 

80 tons of coal per week. 

751 . EXOTHERMIC AND ENDOTHERMIC PROCESSES. Many 
chemical or physical changes give out or take in heat. Every effort should be 
made to turn these reactions to good economical use. Here is a small example 
from the author’s factory. 

The raw sugar is dissolved in water prior to filtration. The liquor must be 
filtered fairly hot, at about 170° F. A small portion is required quite cold— 
at nearly freezing ]:)oint—for part of the coagulation process. This small 
portion had been taken from the bulk of the hot liquor and cooled by refrigera¬ 
tion. By withdrawing a small j>ortion from the dissolving vessel in the form of 
imdissolvcd crystal-water slurry, the heat of solution can be used for cooling. 
This saves the heat needed to provide the heat of solution, the sensible heat of 
the solution at 170° F. and the power needed to refrigerate the liquor down to 
40" F. 

752 . INCREASED YIELD. If the output of a batch process can be improved 
so that more finished material can be turned out of each batch, large savings in 
steam may be possible. Not only is there a big reduction in the fixed steam 
needed to make good the losses, but in some cases there is less material to be 
processed in the next stage. 

When sugar is crystallised from a sugar solution standard technique produces 
about 45 per cent, of the sugar as ciystals from each batch. The mother 
syrup is separated in a supersaturated condition and must be at once diluted 
to below saturation. All this diluting water must be evaporated in the second 
crystallising process. By improving the plant and technique, the crystal yield 
in the author’s factory has been increased to about 63 per cent. This has 
saved 10 per cent, of the steam used in the factory, has reduced the plant by 
two-fifths and has produced a better quality product. 
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753 . USING WASTE STEAM—FLASH STEAM. The collection of waste 
heat and its second or third use is probably by far the largest heat saver, but 
the matter must be approached with deliberation and circumspection. Many 
engineers when commencing a heat campaign start on the collection of flash 
steam and condensate. Now unless there is a use for the flash steam it is no 
use collecting it. Unless the hot condensate can be pumped there is no use 
returning it. Of course there is almost always a use for flash steam and a 
method of handling hot condensate, but these matters must be gone into 
before the attack starts. 

If the works is composed of a spread of single-storey buildings the collection 
of flash steam and condensate will be relatively expensive, and the amount of 
heat recovered is always relatively small. It is very unlikely that flash steam or 
condensate are the most lucrative, large or likely losses to tackle. 

Turn back to the laundry diagram. Fig. 355, in Section 605. The condensate 
is collected, the flash is lost. Let us write these down together with another 
item :— 

Condensate collected . . . . 647 Btu/lb. dry laundry. 

Flash lost .. . . .. 278 „ ,, „ 

Engine exhaust unaccounted for 2,818 „ ,, „ 

It would surely be madness to bother about flash collection here. There 
would be nothing whatever to use the heat for. The laundry management 
think that they are using all their engine exhaust but they are doing nothing 
of the kind. The laundry must be viewed as a whole, and if it is, as in Fig. 356, 
Section 610, we can use the flash steam all right after we have put the rest of 
the plant in order. 

Similarly in Fig. 375 the flash steam loss is 169 Btu and the meal drier is 
taking 2,655. From Fig. 378 we see that this 2,655 t)c replaced by waste 
heat made up with coal heat of 590. It is again silly to bother about flash loss 
until these major faults have been found and dealt with. 

But all these matters are quite hidden until a heat balance or picture of 
some kind is constructed. 

754 . USING HEAT A SECOND TIME—VAPOUR COLLECTION. 

The brewery offers excellent examples of the uselessness of haj^hazard waste 
heat collection. Suppose a brewery is hot-sterilising its gravity adjusting water, 
A heat saving enthusiast comes along and points out the great saving—some 
20,000 Btu/barrel—that will result from cold sterilising with ozone. What is 
the result ? There will be 20,000 Btu less to be recovered from the frig, and 
consequently these 20,000 Btu must be put into the mashing liquor otherhow— 
probably by live steam. 

Again, suppose the enthusiast views the cloud of cask steamings with 
disfavour, and collects it in a spray condenser for heating the cask washing 
water. If the copper vapour had been used for water heating, the use of 
other vapour will simply mean that some copper vapour must be blown to 
waste. 
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All waste vapour should if possible be used, but it cannot be used unless 
a picture is made which will show all the various vapours and the possible uses 
to which they can be put. In the case of the brewery it would seem that all the 
waste heat can be used, but there is always the alternative of trying to avoid 
wasting heat in the first place. For example, it is better perhaps to wax the 
casks, and thus dispense with the need for steaming, than to try to find a way of 
using the waste steaming steam. 

755 . USING HEAT AGAIN—MULTIPLE EFFECT. If evaporation is 
being done and there is no possibility of using the heat in the vapour from the 
evaporator, then the conversion of the plant to a multiple effect is a primary 
heat saving and should be done forthwith. There are many evaporating jobs 
where multiple effect working is out of the question, or at any rate limited, on 
the material being concentrated. Milk, for instance, or fruit juices, cannot 
tolerate temperatures above certain maxima lest vitamins be destroyed. This 
greatly limits the possibility of multiple effecting. But it may be possible to 
combine the evaporation of several different materials in one multiple effect 
evaporator, where the evaporation of the more robust material is carried out 
in the earlier and hotter effects and the more delicate material in the later and 
cooler effects. 

An evaporator working in single effect can often be converted to multiple 
effect for the production of pure distilled water for boiler feed or for process. 
If the material must be evaporated at very low temperature the water evaporat¬ 
ing effect can be the first effect, because water does not mind how high the 
temperature is at which it is boiled. 

The real key to efficient multiple effect working is the use of the later vapours 
for sensil^le heating, and this has all been explained in Chapter 17. 

756 . THE APPROACH TO STEAM SAVING. There is no cut and dried 
technique. Probai)ly the best plan is to set in motion all the primary heat 
savings ;— 

Lagging steam pipes and process pipes 

Stopping leaks 

Reducing safety valve blows 

Ensuring good trap maintenance and operation 

While these things are being got under way a start can be made in taking 
out the balance and the establishment of bogey. Before attacking the collection 
of waste heat every effort should be made to do all that can be done in the way 
of reducing the work that the steam has to do by :— 

Reducing process temperatures 
Reducing reprocessing 
Quick processing 
Keeping plant fully loaded 
Mechanical water removal 
Processing at lower water content 
Using Endo- or Exothermic reactions 
Increasing yield 
Reducing power load 
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All this will take some time and will give ample opportunity to get out a real 
picture of what is really going on in the factory and what might be done. These 
primary heat savings and processing improvements will probably open the 
eyes of the disbelievers, and will make the whole factory steam-conscious so 
that the co-operation of everyone will be available for putting the target plan 
into operation. A re-organisation of any magnitude will take several years. 
The savings that are possible may in some cases not be sufficient to warrant 
doing the work. But one day that part of the plant will need renewal and the 
plant can then be attacked piecemeal as opportunity offers. 

757 . THE FINANCIAL ASPECT. Managements are very queer. They will 
cheerfully appoint a man at ^ i ,000 a year to push sales or to purchase materials, 
and will be quite content if the man repays his salary ; more often than not 
he only slightly repays it and they are still pleased. They will gaily order a 
3(^2,000 machine if it saves a couple of girls. But they tend to be allergic to any 
proposal to spend anything that will give a permanent saving of steam. 

Most modern laundry plant is expensive—a big washer with all the latest 
frills may cost about £2^000 ; a big ironer may cost about 3(^2,000. Now all 
these things USE steam. A heat exchanger in the wash house drain will also 
perhaps cost 3(^2,000, there is no saving in girls, there is no ol)vious increase in 
output but it does invisibly SAVE steam. Hardly any laundries have got such 
heat exchangers, yet the return is substantial though it is not by any means 
obvious. In the case of the laundry discussed in the last chapter, wash house 
drain heat recovery would save about i| tons of coal a week, about 3,000 
gallons of water and its softening and pumping—a pretty certain saving of 
nearly £6 a week. In addition there are the following hidden advantages : 
the boiler load is reduced by 10 per cent. This means that the laundry output 
can be increased by 10 per cent, before a new boiler need be considered. The 
existing pumps, the well, the steam and cond^^msate pipes will all carry an 
additional 10 per cent, laundry throughput before being overloaded. Why 
has such a proposal so little appeal to management ? Probably because the 
management does not really understand the matter and very naturally distrusts 
something it does not fully understand. One of the objects of this book is an 
endeavour to make these things more understandable to managements. 

Management has usually suffered from the optimistic estimates of the 
engineer and the technical salesman. Almost every manager has at some time 
or another (often nearly every time) been told that a piece of plant will cost 
3(^1,000 and can be in operation in six months. It does in fact cost 1,500 and 
is not working in ten months ! 

Estimation is usually optimistic and the estimation of the cost and time of 
erection of steam saving plant will probably be no less optimistic than that of 
other plant, but there is one very rosy exception regarding optimistic estimation, 
namely the savings that will result. In the author’s experience the amount of 
saving that a steam-saving job is estimated to yield is nearly always in 
fact exceeded. The reasons for this arc to some extent clear. When cal¬ 
culating steam savings the direct coal saving is usually the only item taken. 
Now there are all kinds of consequential benefits. A saving in coal means a 
saving in coal handling and in ash handling ; a reduced boiler load will bring 
a reduction in boiler maintenance ; less water must be softened ; less water 
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must be bought and pumped ; plant that was overloaded becomes correctly 
loaded, etc., etc. The consequential savings often ramify in all kinds of un¬ 
suspected directions. In peace time, for example, a steam saving will result 
in a lightening of the boiler load so that it might be possible to burn a cheaper 
fuel. A boiler on three-quarter load is almost always more efficient than one 
on full load. So that it is fairly certain that steam savings will always eventually 
result in a greater mon'^y saving than can be estimated. 

There is also another great benefit in steam savings that arc obtained by 
alterations to plant and that is that they go on without supervision. Screwing up 
the boiler efficiency may be very profitable, but to maintain the high efficiency 
calls for unceasing vigilance and super\dsion. The use of waste heat, or the 
reduction of processing temperature requires the minimum of supervision, in 
fact many of the things discussed in this and in preceding Chapters require 
no supervision whatsoever. 

We will now look at three examples of steam savings. As the heat balance 
has been dealt with in Chapter 20, the balances will not be given in these ex¬ 
amples and the industries discussed will be different. It must be remembered 
that these three examples are actual war-time examples and the whole re¬ 
organisation was conditioned Ijy what could be done, rather than what ought 
to have been done. The three following examples arc all small works, not very 
good at thermal technique, but typical of many hundreds throughout the 
country. All showed a most laudable willingness to co-operate with the 
Ministry of Fuel engineers who made the various recommendations, but all 
suffered from conservative tradition that required some persuasion to over¬ 
come. 

758 . FORGE. This is a small shop with 14 half-ton steam hammers, which 
take 5,000 lb./hr. on average—see Fig. 412. The hammers exhausted into the 
top of the unlagged feed water tank, from which most of exhaust escaped to 
atmosphere. The space heating was done with live steam reduced to 10 psi 
and taking 3,000 lb./hr. in winter. 

Two thirds of the space heating condensate was lost. The single Lancashire 
boiler that supplied the steam was severely pressed to produce the 9,000 lb./hr. 
required in winter and its combustion was poor and the efficiency low. The 
boiler feed pump exhausted to atmosphere. 

Fig. 413 shows the arrangement after very simple reorganisation. The 
space heating is run at approximately atmospheric pressure and takes almost 
entirely hammer exhaust. The small occasional live steam make up is controlled 
by a thermostat. The space heating condensate is all recovered and being 
occasionally under vacuum, is pumped by an extraction pump to the feed tank 
which has been lagged. (As the hammer exhaust is very wet more steam is 
allowed for space heating than formerly.) 

The surplus hammer exhaust is blown into the water in the feed tank and a 
coil in the tank takes the feed pump exhaust. To prevent trouble at the pump 
suction with the hotter feed, the feed tank has been raised 10 feet. 

Oil separators and vacuum breakers were fitted into the two pipers leading 
exhaust and condensate back to the feed tank. 

The direct steam saving was 3,700 lb, steam/hour or 41 per cent, in winter 
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There were two indirect savings. As the boiler could now easily take the 
load its efficiency improved by 5 per cent., and it was possible to reduce the 
grate area. Due also to the lighter boiler load it was possible to use a cheaper 
coal, rough smalls instead of trebles. 
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Here is a statement of the costs and the savings ;— 

Yearly saving 

Cost TonSi Mon^ 

coal 

£ £ 

Hammers overhauled. Pump exhaust to 
coil in feed tank. All condensate 
returned. Return pipes submerged. 

Vacuum breakers fitted, leaks stopped. 


Pipes lagged, etc., etc. .. 

Hammer exhaust to space heating. Ther¬ 
mostat control. Extraction pump. Oil 

500 

500 

1,000 

separators 

Improvement in boiler efficiency. . 

Cheaper coal—35. per ton 

1.350 

50 

200 

100 

400 

200 
say 150 


;C ".900 

800 tons 

;Cl .750 


The coal saving amounted to— 

29 per cent, in summer, and 
49 per cent, in winter. 

759 . JAM FACTORY. Fig. 414 shows the original arrangement where the 
main steam users are six hemispherical unlagged jacketed pans supplied from 
a vertical boiler burning 7J tons coal/week in winter and 6| tons in summer. 

The other steam users are the pulper, used intermittently, the jar washing 
plant, under inadequate control, and the low temperature space heating of the 
warehouse. 

The pans were group-trapped, the traps discharged to drain, and the pan 
blow-off valves to atmosphere. 

The reorganisation is shown in Fig. 415. 

The boiler was relagged and a damper fitted to the stack. 

The pans were lagged and each was fitted with its own trap and air vent. 

The space heating steam pressure was reduced to 15 psi by a reducing valve 
and was fitted with thermostatic control. 

All condensate was returned to the feed tank or to the jar washer. 

The steam pipe to the pans was drained and trapped, its condensate going 
to the jar-washing tank into which also the pan blow-off was piped. 

As the water temperature in the feed tank was now too hot to be handled 
by the injector, a feed pump was installed and its exhaust used to add still 
more heat to the feed. 

In order to ensure that all the feed pump exhaust heat is used, a thermostat 
is fitted to the feed tank so that when its temperature rises too high the 
condensate is diverted to the jar-washing tank. 
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In order to prevent “ gushing ” into the jar tank an orifice is fitted in the 
pipe bringing condensate and blow-off steam to the jar tank. A stand pipe 
is fitted to this line so that when a ** gush ” occurs it is throttled by the orifice 
and cushioned by the stand pipe. 

The steam supply to the jar-washing tank is thermostatically controlled. 

The process performance was greatly improved. 



FIG. 414. small jam factory BEFORE HEAT SAVING CAMPAIGN 



FIG. 415. SMALL JAM FACTORY AFTER HEAT SAVING CAMPAIGN 
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Here is a statement of the savings and 

costs :— 

Tearly savi/ig 



Cost 

Tons, 



£ 

coal 

£ 

Thermoflow to feed tank. Thermostatic 




control to jar-washing tank. Blow-off 
piped to wash tank, orifice and stand 
pipe 

75 

19 

38 

Lagging pans 

Separate traps to pans. Condensate 

150 

95 

190 

return. Lagging boiler 

230 

66 

132 

Thermostatic space heating (winter only) 

30 

4 

8 


>^485 

184 tons ;^368 


760 . PAPER MILL. A very old small plant, working 136 hours a week, 
shown in Fig. 416. 

The paper machine is driven by two engines, almost the whole of the 
exhaust from the smaller engine going to atmosphere. 

The cylinders were group-trapped and had no condensate scoop. The super 
calender condensate was wasted. 

The digesters were unlagged and leaking. 

The triple effect evaporator was unlagged. 

Digesters and evaporator took exhaust steam from the back pressure 
electric generating plant. 

The space heating and the size pot were fed with live steam reduced to 
80 psi. 

The coal consumption was 116 tons per week. 

The reorganisation is shown in Fig. 417. 

The smaller paper machine engine is replaced by a motor. 

The drying machine cylinders are fitted with individual traps and condensate 
scoops. This resulted in a reduced load on the cylinder drive from 100 H.P. 
to 92 H.P. due to the reduction in condensate that was being churned inside the 
cylinders. 

There was now insufficient exhaust steam from the one engine to supply the 
paper machine, so a make-up valve reducing from 180 psi to 25 psi was fitted. 

The condensate from the evaporator was sent to the digesters. 

The space heating was reduced to 5 psi and taken partly from paper 
machine flash and partly from engine exhaust. 

The digesters and evaporator were lagged and the leaks stopped. 

The exhaust from the boiler feed pump was used to heat the feed. 

The size pot was put on to exhaust steam and lagged. 
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Here are the savings and costs :— 

Cost 

Tearlv 

saving 


£ 

Coal 

£ 

Motor for paper machine. Make-up valve 




for paper machine steam. Individual 
traps and water scoops 

350 

630 

1,260 

Less cost of bought current, 30 kW at id. 

— 

— 

850 

Less coal used by grid 

— 

137 


350 

493 

410 

Lagging digesters and evaporator. 




Lagging size pot and using exhaust 
steam. Using feed pump exhaust. 
Collecting paper machine flash and 
reducing space heating to 5 psi. Re¬ 
ducing leaks, etc. 

480 

690 

1,380 


£^30 

1,183 

£1.790 


761 . AN EXAMPLE OF HEAT SAVING TECHNIQUE. The following is 
a description of the steam and water circuits in the author’s factory. The 
reorganisation was done over a period of about four years. The savings were 
given in Section 559 and amounted to nearly 50,000 tons of coal a year, which 
is a good enough excuse for including a description of the arrangements here. 

The steam and water circuits are shown in Fig. 418 and the arrangements 
include the following devices :— 

Back pressure pass-out turbine. 

Collection and use of turbine gland steam. 

Continuous blowdown. 

Multiple effect recovery of blowdown heat. 

Straight multiple effect evaporation. 

Hidden multiple effect evaporation. 

Collection of flash steam. 

Flash evaporation for cooling liquors. 

De-aerators. 

Spray vapour condenser for water heating. 

Steam accumulator. 

Hydrostatic legs to trap lor widely different pressures. 

Condensate handling :— 

By pump. 

By barometric leg. 

By steam pressure. 

Extensive space heating by waste vapour. 

Extensive hot water heating by waste vapour in cascade. 

Heat exchangers in cascade. 

Thermostatic selection with overriding flow control. 

Evaporator replacing reducing valve. 
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is lifted by the pressure in the calandrias up to the distilled water storage tanks. 
As these carry safety valves set at 15 psi.g. and as their safe high level is 112 feet 
above the calandria bottoms there must be a minimum pressure in the last 
calandria of 112 ft + 15 psi + margin = say 70 psi.g. As the average tempera¬ 
ture of the distilled water is often more than the temperature corresponding to 
15 psi the excess heat flashes through the tank safety valves into the 10 psi 
process main. 

The distilled water passes to the boiler feed pumps through the deaerator 
where it flashes down from about 240° F. to 215° F., the flash steam being piped 
to the centipede. The deaerator is shown in Fig. 418 at feed pump level. This 
is only for diagrammatic clarity ; the deaerator is actually some 120 feet above 
the feed pump to ensure a good suction head and to reduce the work done 
by the pump. 

(i) Boilers and Turbine, The boilers generate steam at 650 psi.g. superheated 
to about 680° F. The continuous blowdown from the boilers goes into the 
first body of the still where its flash is used in triple effect. 

The 650 psi steam goes to the turbine where about three-quarters of it passes 
right through to exhaust to the process main at 70 psi.g. The leaks from the 
two glands are piped to the 10 psi process main. 

At the back of the first wheel about one quarter of the steam is passed out at 
about 250 psi to the still where its latent heat is used Ibur times, before going to 
process where much of its heat is used twice more. 

The plant Vvas designed as a straight back pressure j)lant with steam supply 
to the still reduced direct from the G50 psi main. Steam savings were so great 
however as to upset the whole steam ^])ower ratio. By good fortune a 5 in. 
branch was found in the right place on the turbine casing .so that, after a little 
blanking ofl' of diaphragm no/zles, the machine could work fairly well as a 
pass-out machine. 

(i) Vacuum Pans, The main users of 70 psi steam are the wliitc sugar 
vacuum pans, which boil under a vacuum which varies according to the state 
of the batch from about 20 in. to about 27 in. I'he vapour I’rorn tliese pans 
passes through the surface condensers which do the initial heating of the town 
water and provide the factory heating, d’here is always an excess of pan vapour 
which is condensed in the jet condensers and whose heat is lost. 

{k) Condensed Vapour Handling, The condensed vapour from the surface 
condensers is extracted by means of barometric legs and atmosjjheric tanks. 
This condensate being sweet is pas.sed to the process for dissolving cry stals and 
for syrup dilution. Part of this vapour condensate goes through sparge pipes 
fitted in the pan save-alls to keep them washed free of sugar. To prevent uneven 
washing when the amount of condensate is small, the sparge pipe is arranged to 
take a quantity w^hich is substantially less than the average flow. Idic remaining 
condensate overflows direct down the barometric leg. 

(/) Process Condensate Handling, The condensate from the vacuum pan 
calandrias goes into a large common trap tank 130 feet below. Each pan has 
its own tail pipe and the capacity of the trap tank is equal to the combined 
capacities of the tail pipes. This arrangement enables one trap to deal with 
all the pans in one building and consequently the trap can be something better 
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than usual. This trap is described in Section 292 and shown in Fig. 130, 
Owing to the length of the tail pipes it is possible for one calandria to carry 
70 psi while its neighbour is working at 16 psi. The 70 psi tail pipe will be 
empty but the 70 psi pressure will be balanced in the other tail pipe by its 
pressure of 16 psi and the hydrostatic head of its full 130 feet of water. From 
the top of the trap tank a small permanent leak is piped into the 10 psi main to 
vent the air. 

From the trap tank the condensate goes into the flash tank whose vent is 
connected to the 10 psi main. The condensate is then pumped to storage 
through a heat exchanger where it parts with most of its excess heat to the now 
hot town water. 

At times owing to small process demand for steam, there is insufficient steam 
passing through the still to provide enough distilled water for boiler feed. 
This deficiency must be made up from process condensate, which is liable to be 
contaminated with sugar. At high temperatures sugar is broken down into 
organic acids and swc(“t feed water for high pressure boilers is therefore not 
permissible. 'J1ie pioress condensate pipe passt^s the laboratory where a 
continuous al])ha-na]^hthol sweet test is done. Whenever the condensate is 
sweet-lrec* and tiiere is a shortage of distilled water, the laboratory closes the 
valve adinittiiig the process condemate to its storage tank. It then forces its 
way into the clistilhxl water tank through the noii-return valve. 

{in) Ru!/id Accumulator. Any surplus steam in the 70 psi main passes into 
the accumulaioi whence the 10 psi main can draw when the various flashes and 
gland leaks aie insufficient. 

Cross-connection, by-passes, surplus and reducing valves for peaks and 
emergencies are omitted from the diagram for simplicity. 

762 . 100 PER CENT. DISTILLED MAKE-UP. In the foregoing description 

of the steam and water arrangements in the author's factory the provision of 
boiler feed constitutes a major process with a large and costly plant. The 
matter merits consideration because there arc se\'eral \va\'s of going about it. 
I’he problem arises in many factories, in fact in all those where it is necessary 
to raise steam at \'ery high pressure to generate the needed power and where 
tlie process condensate m*iy become contaminated and unusable in high pressure 
boilers. Other factories are those, such as explosives factories, where the works 
are so spread out that the return of condensate is out of the question due to 
capital cost. 

Fig. 419 shows the original arrangement in the author’s factory, with very 
round figures. Tliree quarters of the boiler steam passed through the turbine 
which produced i kWh per 30 lb. of steam. The remaining quarter of boiler 
steam was reduced to 250 psi and put into a quadruple effect still exhausting 
to process at 70 psi. The overall result was that 40 lb. of steam was passed to 
process for e*ich i kWh generated. 

Steam sa\dngs in the process were such that it was impossible to spare the 
steam needed for the evaporator. A suitable pass-out point fortunately was 
available on the turbine casing and the arrangement shown in Fig. 420 was 
adopted. This was a marked improvement. 
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If the plant were being designed afresh, it is probable that the arrangement 
shown in Fig. 421 would be adopted. The whole of the steam is passed through 
the turbine, whose back pressure is raised 10 or 13 psi. The exhaust then goes 



FIO. 419. BACK PRESSURE TURBINE AND QUADRUPLE EFFECT FEED WATER STILL 

FED WITH LIVE STEAM 



FIO. 420. PASS-OUT TURBINE FEEDING QUADRUPLE EFFECT STILL 


into a single effect low-pressure evaporator which exhausts into the 70 psi 
main. The higher back pressure lowers the heat drop from 123 Btu to 110 Btu, 
so that the steam consumption will be about 33 ^ Ib./kWh. This is a substantial 
saving and requires only a low pressure evaporator. 
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Fig. 421 shows the reducing valve from the 70 psi main to the 20 psi main 
replaced by a small evaporator which will give a margin of distilled water to 
make up for loss due to blow-down and soot-blowing. 



FIG. 421. BACK PRESSURE TURBINE EXHAUSTING INTO SINGLE EFFECT STILL 
WHICH FEEDS PROCESS. LOW PRESSURE REDUCTNCr VALVE REPLACED BY STILL 

0 0 0 
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CHAPTER 25 

STEPPING UP HEAT 

Heat cannot of itself pass from a colder to a hotter body. 
R. j. E. CLAUSIUS. Second Law of Thermodynamics. 1850. 

WHEN heat lias become so degraded that it is useless for heating purposes, it 
generally has to be thrown away. Sometimes the cost of throwing it away is 
considerable, for example in cooling towel's. There are sometirnc's circumstances 
when it pays to upgrade this heat by raising its temperature or potential. 
The increasing cost of coal makes the ])ossible limits within which ujigrading is 
economical much wider. 


763. THE VIRTUE OF HEAT. The second law of thermodynamics has been 
stated in all kinds of ways, many of them incomprehcnsil)le to ordinary folk, 
but Clausius has set it out in simple words that any one can understand. 
We accept this law*, especially in this form, because it states a fact that is a 
matter of everyday observation and t'xperitmce, although its consetjuences are 
not always clear. 

We are inclined to think that one Btii is the same as an\ other Btu. I'his is 
not the case at all. Suppose wc have i lb. of steam at atmospheric pressure, 
it will contain 1,151 Btu. If we pass this steam through a turbine exhausting 
into a condenser at 29 in. vacuum at a Kanperature of about Ho 1 \, wr have 
available 202 Btu fur convening into pow’er. The lemainlng 919 Btu, over 
80 per cent., are useless and must be thrown away in the condenser at Ho F. 

Now suppose \ve put our i lb. (jf atmospheric pressure steam into an air 
heater and heat air up to 70 F. We can use the whole of the latent heat 
and 212 — 80 — 132 Btu of sensible lu'at before our i lb. is toohal to Ho'' F. 
So that w'C have used 971 -f- 132 i)i03 Btu out of the original 1,151, and 

we have to throw aw^ay 48 Btu, only 4 per cent., in the condensate at 80^ F. 

So that W'C see that there are different proportions of ust'ful to useless heat 
units dependent on what w^c propOM* to do w'ith our heat. Wc can comj>are 
them thus :— 


Initial temperature 
Final temperature 
Useful Btu 
Useless Btu 


Power 
212" F. 
80" 

202 Btu 
949 


Heating 
212' F. 

80" 

1, 103 Btu 

4S „ 


Total heat in i lb. steam 


1,151 Btu 1,151 Btu 


Now suppose we had i lb. of steam at atmosjiheric ])ressute w'ith which 
we wished to do the cv^aporation of a very dilute ar|U(‘ous solution under 
atmospheric pressure. The process would be impossible bt'cause there w^ould be 
no heat potential or temperature difference to cause a flow' of heat. For this 
purpose all the 1,151 Btu would be useless and unless we had some other process 
available to use heat at this potential it would all have to be rejected. 
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If we raised the pressure on the steam very slightly so that it had a tempera¬ 
ture of 213° F. it would contain practically the same total heat and there would 
be 970 Btu of latent heat and 181 Btu of sensible heat. If we were in no 
hurry our steam at 213° F. would now transfer its latent heat to the liquid at 
212° F. and we could carry out evaporation and could use all the 970 Btu of 
latent heat. 

By the addition of less than i Btu we have made 970 out of 1,151 Btu 
available instead of none. 

M. A. Thring has tried to devise a function wherewith to measure the 
usefulness or availability of licat, and he calls this function ‘‘virtue”. The 
name and the idea arc excellent, but the function is so abstruse as to make it 
of doubtful practical value. 

Oscar Faber has suggested the classific^xtion of Btu into useful power- 
producing units for wliich he proooses the name “ Carnots” and useless units 
which he proj^oses to call Risir Units”. This suggestion does not get over 
the difficulty that if we aie going to use the steam for heating there are 1,103 
available useful units whereas if w are going to use it for powei there are only 
202 available units. 

We have ^een tiiat by raising the potential of heat by a very small amount 
a gn'at deal of heat may be lendcrcd avail j\c. It clearly behoves us to see 
vvheth(‘r any of llic ways of stepping-up or iq^-grading heat can be economically 
don(*. As iar as the autlior knows there aie only three ways ;— 

(a) I'hermo-Compression : i. By steam injector. 

2. By mechanical compressor. 

(i) Heat Pump. 

(c) Boiling Point Elevation. 

'rhcrino-comjju’ssion h«is alrcadx been discussed in Section 493, and there 
is no n(*cd to rcj^cat what lias been said. The heat pump and the B.P.E. cycle 
arc not so well known ; both of them may have a future and they will be 
discussed in some detail. 

764 . THE HEAT PUMP. In 1852 a young man of 28 who had been professor 
of natural philosophy at Glasgow' University for six years, suggested that a 
reversed heat engine could act as a " w arming engine ”. Flis suggestion appears 
in iKMi'ly everv book on heat engines or thei modynamics, wdierc it is almost 
always dismissed as a curiosity. Although Kelvin lived to the good old age of 
83 he did not live long enough to see his w'arming engine put to practical use. 
Coal w'as too cluMp. ^Vith coal at 1945 price, which may well be exceeded 
lor many years, Kelvin’s wanning engine, or heat pump ” as it is more 
usually now called, merits serious consideration because, in favourable 
circumstances, there is no doubt that it w'ould pay. 

The subject has received occasional attention from time to time and some 
examples of heat ])uinp have been built and w^orked, one at least on an ambitious 
scale. In 1930, Haldane read a paper to the Electrical Engineers on the use 
of the heat pump, primarily from the point of view of making electric heating 
economical. He described a heat pump that he had built and used, and. 
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while his results were quite striking, his temperature and pressure range were 
clearly unsuitable and the machine’s performance could have been improved. 
There are several heat pumps in operation in the U.S.A. and a large installa¬ 
tion in Zurich. 

In order to understand the fundamental principle underlying the successful 
application of the heat pump it is necessary to compare the cycles of heat 
engines, refrigerators and heat pumps. 

765 . HEAT ENGINE CYCLE. Fig. 422 is the temperature entropy diagram 
of a heat engine or a refrigerator or a heat pump. We will first consider it as a 
heat engine although it is drawn for ammonia, which we should be unlikely to 
use as a heat engine fluid. The fluid used makes no diflerence to the general 
principles. 


c' 



FIG, 422. HEAT ENGINE, REFRIGERATOR 
AND HEAT PUMP CYCLE 

The liquid at A in Fig. 422 is heated to B the liquid boiling point appro¬ 
priate to the pressure. This calls for the addition of the sensible heat area 
A B b a. From B to C the liquid is vapourised at constant temperature with the 
absorption of latent heat equal to area B C c b. Superheat, area G C' c' c is 
added and the final state of the vapour leaving the boiler to enter the engine is 
at C'. Adiabatic expansion takes place from G' to D and the heat in the ex¬ 
haust, area A D c' a, is rejected along line D A. 

The efficiency of this cycle is the work available, area A B G G' D, divided 
by the total input heat area A B G G' c' a. In this case 11*8 per cent. It is 
clear from this picture, and the matter has been discussed at length in Ghapter 2, 
that an increase in efficiency in a heat engine can be obtained by raising the 
initial temperature as much as possible and lowering the exhaust temperature 
as much as possible. 
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766 . REFRIGERATOR CYCLE. Now let us look at the diagram from the 
refrigeration point of view. Cold low pressure vapour at D is compressed 
adiabatically to C' where it is superheated by compression. From C' the hot 
compressed gas is cooled to C by removing the superheat. All the superheat has 
been put in by the compressor and the amount, triangle D G' C, of mechanical 
work is thrown away right from the start. From C the gas is cooled to B 
removing the latent heat and causing complete condensation. This cooling 
results in the rejection of the heat equivalent to area B G C' c" b. At B the cool 
liquid at high pressure is passed through a reducing valve to a lower pressure 
and as no heat is taken in or given up during this pressure-reducing process 
the state point will travel along the constant total heat line from B to E. As the 
total heat at B of the high pressure liquid must be the same as the total heat in the 
fluid after pressure reduction, and as the total heat in liquid at the lower pressure 
A is less than at B the fluid after pressure reduction to E will be partly vapourised 
by flash. The result is that at E there will be 90 per cent, liquid and 10 per cent, 
vapour. 

The heat triangle B A E is equal to the narrow strip of heat E e b and is the 
forfeit we have to pay in this wiredrawing expansion process. 

The cool liquid-vapour mixture is passed into the evaporator which absorbs 
heat from the space that is to be cooled and tiiis heat provides the necessary 
latent heat to evaporate the liquid from E to D. The amount of latent heat 
absorbed from the cold room is area E D c' e. The amount of refrigeration done 
is the amount of heat taken from the cold room, so that the efficiency of the 
refrigerator will be found by dividing the amount of refrigeration by the power 
put into the compressor :— 

EDc'e ^ Q 
ABCC'D “ P«- c.„,. 


767 . HEAT PUMP CYCLE. The heat pump cycle is exactly the same as the 
refrigerator cycle except that we are concerned with the heat delivered at the 
hot end instead of the heat taken in at the cold end. 

Gool liquid-vapour mixture at point E is passed through an evaporator 
coil situated where it can take up low grade heat from some more or less 
unlimited source, the air or a river. This source of heat causes evaporation of 
the liquid and supplies the latent heat, area E D c' e. The cool vapourised 
fluid is then compressed by the pump to G'. We now have a fluid at about 
180® F. instead of 34° F. containing heat equivalent to area E D c' e, the heat 
taken from the river or air, and area A B G G' D, the energy supplied by the pump. 
We cool the fluid by means of the air or whatnot that we wish to heat and the 
fluid gives up its superheat and then its latent heat area B G G' c' b. The high 
pressure liquid is then blown through a reducing valve from B to E and the 
cycle repeats. During the wiredrawing we see that we lose the narrow heat 
strip E e b as far as being able to absorb heat from the river is concerned. But 
we have used this strip of heat in our air heating process and it is equal to the 
work triangle ABE. As far as a refrigerator is concerned the triangles G C' D 
and ABE are dead losses. As far as the heat pump is concerned they are 
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not lost but they represent so much extra power that has to be put into the 
pump and if they could be reduced or eliminated they would greatly increase 
the efficiency of the cycle. 

The efficiency of the heat pump cycle shown in Fig. 422 will be the total 
heat pumped divided by the total heat energy supplied to the pump, or 

A B C C' c' e E 

-AB C C- D - “ ”8 P« cent. 

768 . EFFICIENCIES OF OVER 100 PER CENT. Now it is customary 
amongst engineers to say that an efficiency of over 100 per cent, is impossible. 
So when a process crops up in engineering that has an efficiency of over 100 per 
cent, engineers divide the efficiency by 100 and call the result “ coefficient of 
performance ” or C.O.P. This is just pure cowardice. When the Almighty 
gives us a process where we get something for nothing, and whereby we can 
turn useless Btu into useful Btu why should we not welcome the process with 
open arms and boldly proclaim a three figure cfiicienc)', instead of shame¬ 
facedly hiding it up and calling it Ci.O.P. ? Th(‘ refrigerator or heat pump 
arc not the only machines with efficiencie.s of over kk) per cent. We have seen 
in Chapter 17 that the multiple effect evaporator can also have an efficiency of 
several hundred per cent. Tlie jiurists .say that it is impossible to get .sometliing 
for nothing. This is not the case. Theie are sevtaal processes where something 
can be obtained for nothing as far as we mortals are concerned. If one sits in 
the sun the process of warming ( learly has an ellu it ncy approaching infinity. 
The mining of coal is a proce.ss liaving a thermal efficiency of many hundred 
per cent. The damming of a ri^'er to give water power is a similar process. 
We can now begin to see what it is that constitutes a process of over 100 per 
cent, efficiency. It is the collection and making availal)Ie of (kid's gifts. The 
damming of a riv(T, the getting of co<ib sitting in the sun, the heat pump arc all 
processt's where we make heat provide d bv the sun more available. It is only 
when we come to use this heat energy tliat we fall down so badh*. 

769 . HEAT PUMP TEMPERATURE RANGE. Clearly the smaller the 
differenre of temperature over which a refrigerator or a heat pump works the 
smaller need be the power put into the ('ornpre.ssor. .So we must keep the top 
temperature Tj as low as possible and the bottom t(‘inperature I"., as high as 
possible. This is exactly the ojiposite of what wc do wlicn devising a heat engine 
cycle. If the temperature differenre T, -- T2 were vci y small tht‘ efficiency of a 
heat engine would be negligible but that of a heat pump would be thousands 
per cent. 

The hot and cold temperature limits must be looked at as must the level 
of the temperature range over which tiic cycle is to work. 'Fhe obj<'et of a heat 
pump is to turn useless heat into useful heat. Now u.seful heat is heat with 
which we can heal a room, or with which we can generate power. ^Ve can heat 
a room easily with water at about loo*^ F. if wc arc careful of the design of 
heating plant, but to generate power wc need steam at a temperature of say 
200" F. to make the plant worth while. Let us take the case of room heating. 
There are some very modern buildings where the heating pipes are embedded 
in the floors. Such rooms are said to be beautifully heated—no cold feet and 
hot heads—ideal for directors’ board rooms or trade union conference rooms, 
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or even the Mother of Parliaments. In order to prevent discomfort to the feet 
the floors should not be very much hotter than 75° F. To heat the floors to 
this temperature can obviously be done with suBicient circulation by water or 
other liquid at 100° F. If a building is to be heated principally by its ventilating air, 
this air must not be uncomfortably hot and probably must never exceed 75° F. 
Such air can be heated by a fluid at 100° F. So we can take 100° F. as being 
the lowest temperature down to which we can bring the hot end of our cycle. 

What of the cold end ? Wc want to collect useless heat and turn it into 
useful heat. There is an almost unlimited supply of useless heat in most 
rivers, but in winter the river may get very cold and in winter we want to 
pump the maximum of heat. We must therefore fix the cold end as cold as is 
practical, bearing in mind that it must be as hot as possible from the point of 
view of thermodynamical efficiency. This apparent contradiction can be 
expressed another way. For efficiency wc want to use the highest possible 
temperature, but this temperature must be well below the source of heat 
during the coldest period of the year. If the useless heat that is to be collected 
is in the river or in the air we must see to it that the evaporator pipes that are 
to pick up this heat never get below 33° F. lest they get coated with an insulating 
layer of ice. So that the low temperature end is fixed at about 34"^ F. 

Fig. 422 is drawn for tliesc temperatures—100® F. and 34° F. with ammonia 
as the working fluid. It is ])Ossible that other substances would be more 
suitable for a heat pump, l)ut ammonia has certain advantages. Over the 
temperature range tliat wc want the pressures are reasonable, and all its habits 
and properties are well known. 

We see that from a purely technical point of view the heat pump should be 
worthy of consideration. 

770 . APPLICATION OF HEAT PUMP. Let US apply the theory to the case 
of a factory that is using 100,000 lb. steam/hour at atmospheric pressure to do 
the heating of its extensive buildings. Instead of raising low pressure steam 
let us raise steam at high pit'ssurc, using this steam to drive the heat pump ; 
the exhaust steam from the engine driving the heat pump will be exhausted 
at such a pressure that it can help the heat pump with the heating load. If we 
say that 100'^ F. is hot enough to do the required floor and air heating and if we 
allow a 13° temperature drop across the condenser, the machine driving the 
heat pump can exhaust at 27-in. vacuum. 

Let us suppose that we use a turbine to drive the heat pump (we will skate 
over the difficulty of a flexible drive between turbine and pump), and let us 
postulate that we want to develop 100 H.P. per 1,000 lb. of steam. This will 
call for an actual heat drop of 255 Btu/lb. If we assume an efficiency ratio of only 
60 i)er cent, the adiabatic heat drop will needs be 425 Btu. To get saturated 
exhaust at 27 in. will call for steam at 300 psi at 700® F. So that from each 
1,000 lb. of steam wc shall get 100 H.P. plus 1,030,000 Btu of latent heat in 
the exhaust. 

Now I H.P. is equivalent to 2,545 Btu per hour so that we can tabulate the 
amount of heat that our combined turbine and heat pump will produce under 
various conditions of heat pump efficiency, and these are shown in Table 
LXXV. Apart from initial cost and upkeep the heat pump shows a big saving. 
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It will be seen that by the installation of a 40 per cent, heat pump the steam 
required is almost halved but that the coal consumption is only reduced by 
42 per cent. The reason for this is that the steam needed to drive the heat 
pump is at a much higher pressure and contains much more heat per lb. than 
the low pressure steam originally used for heating ; against this we can assume 
that the high pressure boiler's will be more efficient than the low pressure plant 
they are replacing. 

TABLE LXXV. HEAT PUMP WHEN T^ = ioo° AND 

T, = 34" F. 


EFFICIENCY , 
RATIO , 
PER CENT. 

EtFICIENCY PER 

AS AS 

HEAT REFRIG- 

ENGINE ERATOR 

CENT. 

1 .s 

1 HEAT 

1 PUMP 

1 

i BFIT 

( PUMPED 
PER 

1 H.P. 

1 ' 
1 

TOTAL 

BTU 

PER 

1,000 LB. 

, STEAM 1 

1 

1 

POUNDS OF 1 
STEAM 1 
REQUIRED 1 

PER CENT. COAL 
BURNT AT 
EFnCIENCIES OF 

70 PER 78 PER 
CENT. CENI. 

100 

11*81 

. 638 

1 738 

1 


1 

_ 1 _ 

No heat pump 1 

1 — 

' — 

970,000 

100,000 . 

100 ' 

40 

4*73 

1 255 

t 355 

1 9,040 

I 1 , 934,000 

50,100 

1 58 

50 1 

5*81 

319 

419 

10,670 

2 , 097,000 

1 46,250 

54 

60 

709 

1 382 

482 

1 12,270 

2 , 257,000 

42,950 

! ^9 

70 

8*24 j 

1 446 

546 j 

13,900 

2 , 420,000 1 

41,300 ‘ 

48 

80 

9*45 

i 510 

610 1 

! 

1 15,530 

1 

2 , 583,000 

37,550 

I 


771 . HEAT PUMP ELECTRICALLY DRIVEN. The position when a heat 
pump is used and is driven by bought electricity must be considered. There are 
some circumstances where such an installation would be valuable. If the 
electricity is produced from water power then the heat pump greatly increases 
the heat available from a given amount of electricity. If the electricity is 
produced by burning coal then it might seem truly Gilbertian to burn coal in 
a power station, put half the heat of the coal into tlie river, convert one quarter 
of the coal heat into electricity, send the electricity along a cable to a factory 
or building to drive a heat pump which will recover from the river the heat 
that the power station poured into it. Nevertheless that is the scheme that is 
being seriously considered for a large building in central London. 

We need not look into the hydro-electric proposition ; that is purely a 
matter of cost. Such an electrically-driven installation is working in Zurich, 
taking its heat from the river Limmat which flows out of the Lake of Zurich. 

What would be the fuel consumption of a heat pump driven by electricity 
taken from the British grid ? Let us take an ordinary steam heating system. 
If its boiler efficiency is 70 per cent, and its distribution efficiency is 90 per cent., 
its overall efficiency will be 63 per cent. This means that in order to put 
I Btu into a room i -6 Btu must be liberated in the boiler furnace. The average 
coal consumption of the grid in 1943 was i -61 lb. coal/kWh delivered to tlic 
customer, llierefore to put i Btu of electrical energy into a room by means 


of an electric radiator will call for the burning of —^- 5 4 Btu 

3,415 

of coal-equivalent in the power station. So that to equal, in coal consumption 
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alone, a direct coal fired heating system, the efficiency of an electrically-driven 

heat pump taking power from the grid must be lOO = 340 per cent. 

In order to pay for all the first cost, maintenance and depreciation, it is probable 
that the heat pump efficiency will have to be nearer 700 per cent. 

How then can an eminent man seriously propose to instal a plant which 
cannot possibly have such an efficiency ? The reason is simple. Almost the 
whole plant would have to be there anyhow. The building is to be cooled in 
summer and will have a massive refrigerating plant. This could be used in 
winter as a heat pump to extract from the Thames the heat that Battersea, 
Fulham and Lots Road so prodigally pour into it. 

772 . HEAT PUMP EFFICIENCY. The efficiency of the heat pump cycle 
depends on the difference between the hot temperature and the cold tempera¬ 
ture, and we have seen that using ammonia between 100° F. and 34*^ F. the 
cycle efficiency is just under 750 per cent. The overall thermal efficiency 
depends on the efficiency ratio of the machine. What is the efficiency ratio 
of a heat pump likely to be ? A 50 kW refrigerator in the author’s factory has 
an efficiency ratio of 41 per cent. Haldane in his paper read in 1930 quoted 
refrigerator efficiency ratios of between 55 per f«.nt. and 65 per cent. There 
would seem to be no reason w^hy the efficiency ratio of a heat pump should be 
any greater than that of the same machine running as a straight refrigerator. 
We can therefore assume that the efficiency ratio will lie between 40 per cent, 
and 60 per cent., depending on the size of the plant. 

There are certain practical considerations that must be borne in mind. In a 
refrigerator w^e pour cold water through the compressor cylinder jackets and 
thiow the heat away. We do not lag the hot-end pipes but we encase the cold- 
end pipes in 3 in. or 4 in. of cork. In a heat pump we must do just the opposite. 
^Ve must carefully hoard the heat from the compressor cylinder walls. Inside 
the engine room we must carefullv lag both the hot and the cold pipes to prevent 
shorlcircuiting of the heat we are trying to pump. We should draw the air into 
which we arc trying to pump heat through the engine room so that it can pick 
up the losses that wull occur in the engine and compressor. In this w^ay it may 
be possible for a heat pump to improve a little on the efficiency ratio of the 
refrigerator. 

773 . ECONOMICS OF THE HEAT PUMP. Now it is all very well to be 
technically correct, but we must be economically correct before we embark on 
a large heat pump installation. If we work out the coal saving that is secured 
by the use of a heat pump under the conditions shown in Table LXXV with 
an efficiency ratio of 60 per cent., we find that were the heat pump to be working 
70 hours a w eek for 25 weeks the coal saving would be 4,400 tons a year, and 
ii* the heat pump w^orked for 150 hours a week for 30 weeks a year the saving 
would be 12,500 tons a year. If we take coal at 50J. a ton the money savings 
become £ 11 ,000 and i ,000 respectively. This must be capitalised, at whatever 
percentage is appropriate to the financing policy of the concern, and compared 
w'ith the probable cost of the plant which must include the cost of the heat pump 
installation and the extra costs that high pressure boilers call for over a low 
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pressure installation. It would appear unlikely that the heat pump would pay 
unless the plant can work for three shifts, and it would probably never pay to 
pull out a good plant and substitute a heat pump. But if a new plant is being 
considered, or if there is already a refrigerator at work the circumstances are 
much more favourable. 


HEAT 




PUMP 



SPRING a AUTUMN 

FIG. 423. HEAT PUMP IN SPRING AND AUTUMN 


774 . FAVOURABLE CONDITIONS. Wc have SO far considered in a little 
detail a straight heat pump pumpin<( heat from the local ri\^er or from the air. 
There may much more favourable conditions in some places. There are 
some factories where rooms or processes have to be cooled and where others 
have to be healed. Such a condition is shown in Fig. 423 where a heat pump is 
connected between two rooms, and pumps heat from a hot room into a cold 
room. This show^s the system as it would operate in spring and autumn. 
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FIG. 424. 


SUMMER 

HKAT PUMP IN SUMMER 


In summer. Fig. 424, the cold room will be quite warm enough and will not 
require heating, but the hot room will be even hotter than usual and will 
require cooling. So in summer the heat pump will operate as a straight 
refrigerator, dissipating the heat that it pumps from the hot room into the river. 

In winter. Fig. 425, the hot room will be just comfortable and the cold 
room will be very cold. In this case the heat pump will pump heat out of the 
river into the cold room. In all three cases it is a.ssumed that the factory absorbs 
in its process the whole of the exhaust from the engine that drives the heat 
pump. 
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A pariicularly suitable condition for an installation of this kind would be 
where a go-ahead municipality ran a skating rink alongside the public wash- 
house. 



WINTER 

FIG. 42",- HEAT PUMP IN WINTER 


775 . WARM EFFLUENTS. There is still another circumstance which 
obtains in those factories where there is a large quantity of warm effluent, 
effluent that is too cool for use cliicct as a heating medium but which is well 
alx)ve the a\(‘Tae^e tempeiature of the local rher. Let us assume a factory 
wher(‘ there j a huge (juantity of effluent at 7^)° F. This means that we can 
raise Tj fioiii ; f F. to 60° F. The cycle on wtiich a heat pump could operate 
with such an effluent is shown in Fig. 426. It is clear that a very large gain 
has been seemed. Not only is there much less difference between Tj and 
T, but the wiic-drawang triangle ABE and the superheat triangle CCD 
have been nearly quartered. The cycle efficiency of the heat pump is now 
1281 per cent, and Table LXXVI shows what could be expected at various 
cf)icienc\ latios The economics arc now very much more favourable and the 
heat pump defmitel} in the running under such conditions. Indeed if a 


c* 



426. HEAT PUMP CYCLE WITH FAVOURABLE CONDITIONS 

787 


FIG. 




§ 775^777 the efficient use of steam: chap. 25 

factory has plenty of heating to do and plenty of useless warm effluent it may 
well be that it would pay both financially and from the national point of view 
to buy current from the grid to run a heat pump. 

Urban sewage is generally warm. It is indeed possible that it is warmer on 
average in winter than in summer. So here is another possible application 
for a heat pump in a go-ahead municipality or borough. 


TABLE LXXVI. HEAT PUMP WHEN T, == 100" AND 

To = 60^ F. 


EFFICIENCY | 
RATIO 
PER CENT. 

' EFnCIENCY PER 

i . . 

CENT. 

BTU 

PUMPED 
• PER ! 

H.P. 1 

1 

1 1 

1 

TOTAL 1 
BTU 

PER 

i 1,000 LB. 
STEAM 

1 

POUNDS OF 
' STEAM 
REQUIRED 

1 

1 

' PER CENT. COAL 

1 BURNT AT 

AS 

HEAT 

ENGINE 

AS 

REFRIG¬ 

ERATOR 

AS 

HEAT 

PUMP 

i 

1 

1 70 PER 

1 CENT. 

78 PER 
CENT. 

100 I 

i 708 

1.181 

1 1,281 1 

1 

— 1 



! _ 1 

1 __ 

No heat pump 

1 _ 1 

— 

970,000 

100,000 

100 

1 

40 

1 2*83 

1 474 

i 574 1 

14,610 1 

2,491,000 

38,950 


1 45 

50 1 

1 3-54 

591 

' 691 i 

17,390 1 

2,789,000 

35,850 


1 41 

60 1 

! 4-25 ; 

709 

809 ' 

20,600 ; 

3,090,000 ! 

31,400 


1 37 

70 

4*96 

827 1 

1 927 i 

23,600 1 

3,390,000 1 

29,500 


1 34 

80 

5-66 

955 

1 1,055 1 

1 

26,850 ; 

3,715,000 1 

26,950 

1 

( 

' 31 

1 


776 , FACTORY REFRIGERATION. There are many factories, food and 
chemical, that require refrigeration, sometimes on a really big scale. No 
factory should ever embark on refrigeration without investigating whether it 
can do some heat pumping. We have seen in Section G29 how the heat taken 
out of the bottled beer in a brewery can be used to heat the mashing water. In 
the same way the heat taken out of an ordinary meat or fish cold store can be 
used to heat the offices with ver^* little cost and ingenuity. It must not be 
forgotten that the heat pump efficiency is 100 + the efficiency of the refrigerator, 
because in addition to the refrigeration heat we use the pow<‘r heat as well. 

777 . THE B.P.E. CYCLE. During the last eighty years cycles making use of 
Boiling Point Elevation have occasionally been discussed, and some works’ 
locomotives were actually built and run by Honiginan at Aachen, about 1885. 

The heat pump works over a temperature range of roughly 35'*' F. to 120® F, 

The thermo-compressor works over a range of approximately 200® F. to 
240'' F. 

The B.P.E. cycle can work over a range of possibly 150^^ F. to 400° F. 

It is possible that the B.P.E. cycle is quite unworkable, and the excuse for 
discussing it here is that there may well be undiscovered or undeveloped 
thermal improvements waiting round the corner if we could only find them, 
and the more people there are looking for them the sooner will they be found. 
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778 . BOILING POINT ELEVATION. Before reading this the reader is 
asked to re-read Sections 3 to 15. When a solid is dissolved in water there are 
fewer water molecules per unit area of liquid surface than there are in pure 
water. In order that the solution may exert a sufficient vapour pressure to 
boil, the water molecules in the solution must have a greater energy than in 
pure water to compensate for their reduced number. The greater the number 
of dissolved molecules the greater must be the extra energy in the solution’s 
water molecules to provide a sufficient vapour pressure to permit boiling. 
It follows therefore that a solution of a solid in water will boil at a higher 
temperature than the water boiling temperature appropriate to the pressure 
on the solution. There is a Boiling Point Elevation, or B.P.E., for every 
particular solution at any particular concentration. The B.P.E. varies with 
the pressure as well as with the concentration ; the higher the pressure the 
greater is the B.P.E. 

The B.P.E. should be predictable from the molecular concentration of the 
dissolved solid. This is only true of extremely dilute solutions of solids that do 
not ionize. More concentrated solutions, even of solids like sugar that do not 
ionize, depart greatly from prediction. 

For example, a solution of 16 per cent, by weight of KOH contains 3-4 gram 
molecules per litre. A 16 per cent, sugar solution r,ontains *56 gram molecules 

per litre. The molecular concentration of KOH is = 6 times that of a 

•56 

sugar solution of similar strength. The B.P.E. of the caustic might be expected 
to be 6 times that of the sugar solution. Actually it is about 20 times. 

Here are some examples of B.P.E. at high concentrations ;— 


Pressure 

Concentration 

Atmos, 

70 per cent. 

80 per cent. 


B.P. 

B.P.E. 

B.P. 

B.P.E. 


°F. 

°F. 

°F. 

°F. 


221 

9 

231 

19 

NaOH. 

• • 358 

146 

405 

193 

KOH. 

441 

229 

549 

337 


The steam that comes off an 80 per cent, caustic potash solution boiling at 
nearly 550° F. is only at atmospheric pressure and can only therefore condense 
and give up its heat at 212® F, This is the reason why solutions having very high 
B.P.E. cannot be evaporated satisfactorily in multiple effect evaporators, or 
whv the number of effects may be limited—see Section 492. 

779 . CONDENSATION. Condensation is usually looked upon as a process 
where the latent heat in a hot vapour flows into a cooler body. This is the 
mechanism of condensation in a surface condenser. But in a jet or contact 
condenser the mechanism is simply one of equalisation of vapour pressure as 
was explained in Section 15. Now in an 80 per cent, caustic potash solution 
under atmospheric pressure the vapour pressure of 14-7 psi.a. is not reached 
until the temperature has been raised to nearly 550° F. It follows therefore 
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that Steam cannot exist in such a solution until the solution has reached its 
elevated boiling temperature. From this it again follows that steam introduced 
into such a concentrated solution that is below its boiling temperature must 
condense although the solution is at a much higher temperature than the 
steam. The vapour pressure of the steam is higher than the vapour pressure 
of the solution. Consequently there will be a flow of energy from the steam 
into the solution and the steam will condense in the very much hotter solution. 

The truth of this can be confirmed by the simplest experiment. If water be 
boiled and the steam bubbled into a strong caustic solution in a glass boiling 
tube the steam bubbles can be seen condensing in the caustic solution. 
A thermometer in the steam space of the kettle or flask and another in the 
caustic solution will clearly show that steam can readily condense in a solution 
much hotter than itself. Heat thus seems to be “ passing of itself from a colder 
to a hotter body 

The vapour pressure of the steam is higher at 212° F. at atmospheric 
pressure than that of an 80 per cent, caustic potash solution at 400° F. The 
pressures will reach equilibrium by the passage of energy' from the steam into 
the solution which will be accompanied by condensation of the steam, the 
transfer of latent heat to the solution, a rise of temperature of the solution and a 
dilution of the solution. 

Now this appears to contradict the second law of thermodynamics as stated 
by Clausius. This is not really so. Heat is not “ passing of itself ”. Heat can 
only pass in this way when the condensing steam is diluting the caustic solution. 
The process will eventually fizzle out and come to rest. 

In the author’s factory there is a piece of plant at work called the “ vapour 
melter ”. The process is the dissolving of washed raw sugar in water. Sensible 
heat and heat of solution have to be added. The cool sugar-water slurry is 
pumped through a jet condenser attached to the vapour outlet of a vacuum 
pan and the vapour condenses in the slurry' and supj)li(‘s the heat required. The 
B.P.E. of the solution, assuming all crystals dissolved, is about 4 ' C. The partly 
dissolved slurry frequently leaves the plant C. or 2^' C. hotter than the vapour. 

780 . CAUSTIC CONDENSER. We can now sec that we have a method of 
stepping up heat in a dramatic manner. If we have vapour at 24 in. vacuum 
at 140“^ F. we can condense this in a strong caustic solution that can have a 
temperature of 300° to 400° F. There is of course a serious snag. Condensation 
brings dilution with it. If we went on with our condensation process the 
caustic solution would soon have such a dilution that its B.P.E. would drop 
and the whole process would break down. It is therefore necessary to pass the 
caustic solution continuously through an evaporator to maintain its concentra¬ 
tion. As the solution has a very' high B.P.E. it will be necessary' to use very 
high potential heat to do this concentration. It might therefore be thought 
that the upgrading that had been done in the condenser would be counteracted 
in the concentrator. It will be seen that by means of suitable heat exchangers 
this difficulty can be circumvented. 

In Honigman’s Aachen locomotives only half the cycle took place in the 
locomotive. They operated as follows: I'hc “boiler” wiis a water jacket 
surrounding a vessel containing hot concentrated caustic. The water in the 
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jacket was under considerable pressure and was hot. When the regulator was 
opened, steam, flashed ofT the water, passed through the locomotive cylinders 
and the exhaust steam was bubbled into the caustic. This increased the 
temperature of the caustic which boiled the water. As the temperature of the 
caustic rose the pressure in the boiler increased until it reached blowing-off 
point. Some of the pressure was then blown off (apparently they had not 
thought of simply exhausting to atmosphere) and the locomotive run again. 
The locomotive was then taken to an evaporator plant where the caustic was 
reconcentrated. 

781 . SIMPLE B.P.E. CYCLE. Fig. 427 shows a simple industrial operation 
in which a product is evaporated under a vacuum of 24 in. by means of steam 
at 5 psi.g. which has been reduced from the boiler pressure of 45 psi. The 
vapour from the evaporator Is condensed In a jet condenser and the condenser 
water will have a temperature of about 135° F. If there is a use for large 
quantities of heat at this low potential, well and good. If there is no use for it 
(and it can only be used for preliminary heating of liquids or for space heating) 
the heat in the condenser water must be rejected. 



FIG. 427. SIMPLE EVAPORATING PROCESS 


Fig. 428 shows how the same process might be carried out using caustic as 
the condensing medium. The vapour from the evaporator goes into the 
condenser where it condenses in the caustic solution, adds its latent heat to the 
caustic and dilutes the caustic. The caustic is drawn from the atmospheric 
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tank of the caustic condenser and is pumped into a caustic concentrator working 
under a pressure of 5 psi. If the caustic solution has a concentration of about 
50 per cent, its boiling point under 5 psi will be between 300° and 310° F. 
The hot caustic then passes through a heat exchanger where it can heat water 
under pressure to at least 250° F. or can raise steam at about 10 psi. Heat at 
this potential will be useful in any factory. The cooled caustic then passes 
into the condenser and the cycle repeats. The vapour off the caustic concen¬ 
trator is at 5 psi and is used to heat the process evaporator instead of live steam. 


VAPOUR 



We see that in Fig. 427 the whole of the heat leaves the evaporation process 
at 135° F., whereas in Fig, 428 the whole of the heat is rejected from the 
evaporation process at 240° F. The caustic cycle has stepped up the heat by 
over 100° F. 

782 . ADVANCED B.P.E. CYCLE. Fig. 429 shows an arrangement, sug¬ 
gested by the author’s brother in 1932, whereby the heat rejected from the 
process can appear as steam at 43 psi or at any higher pressure that may be 
found workable (if the cycle is workable at all). The vapour from the 
evaporator is condensed in a caustic condenser. The caustic is drawn from 
the condenser atmospheric tank by a feed pump and pumped at about 90 psi 
through a heat exchanger where it picks up about 170® F. It then goes into the 
coal fired boiler where it receives the addition of about 1,320 Btu per lb. of 
evaporation in the evaporator. It then passes through a surplus valve into the 
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flash vessel at 45 psi. The water that it picked up in the condenser is flashed 
off and goes to the factory as 45 psi steam. During flashing the caustic 
loses about 23'' F. It then goes through the heat exchanger where it parts with 
some 160° F. to the caustic that is on its way to the boiler. The part-cooled 
caustic then goes into a water evaporator where it loses 33° F. and generates the 
steam necessary for the process evaporation. It then enters the caustic condenser 
and the cycle repeats. 



FIG. 429. ADVANCED B.P.E. CYCLE 


The whole thing bristles with difficulties. The quantities on Fig. 429 arc 
guesses and were taken merely to show the practicability of the thermal cycle. 
For every i lb. of evaporation some 43 lb. of caustic solution must be circulated 
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and must be pumped up to about 90 psi. This will require about 9 H.P. per 
1,000 lb. of evaporation per hour. This compares well enough with the heat 
pump but is not so very simple because the material to be pumped is hot, very 
concentrated caustic. The output steam at 45 psi will almost certainly be 
alkaline and may be useless for process purposes. The whole plant must be 
made of corrosion resisting metal. The gain, on the other hand, is potentially 
great. Comparing Fig. 427 with Fig. 429 we see that to provide the same 45 psi 
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FIG. 430. SOLUTION STATE DURING CYCLE SHOWN IN FIG. 429 


steam to process, to do the same evaporation, allowing a 5 per cent, radiation 
loss from the plant in Fig. 427 and a 10 per cent, radiation loss in Fig. 429 
requires over 3,000 Btu in Fig. 427 and only 1,760 Btu in Fig. 429. The caustic 
cycle is almost twice as good as the straight cycle. 
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Fig. 430 is a diagram which shows the goings on within the caustic solution. 
This gives the state of the solution at each point in the cycle. The figures in 
circles correspond to the similar figures in Fig. 4 ^ 9 * This diagram enables us 
to keep control of things. For example the bottom right hand of the diagram 
shows the caustic at its coolest and most concentrated. This point must be 
kept well clear of the saturation line lest crystallisation should start. The top 
left-hand point in the diagram shows that in order to reach the temperature that 
is wanted in the coal boiler the pressure must be at least 90 psi lest the solution 
should boil in the boiler, which is not wanted, although the flash vessel could 
easily be replaced by a steaming coal-fired caustic boiler. As the reduction of 
entrainment is of the utmost importance it is probable that the flash vessel 
will be better. 

This particular arrangement may be quite impracticable, but the possibilities 
are so great that it is likely that some such cycle, on a workable plan, will soon 
be discovered. 
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THE ICE-WATER-STEAM SUBSTANCE 


Here’s to old Adam’s crystal ale, 
Clear sparkling and divine, 
Fair HgO, long may you flow, 
We drink your health (in wine). 

O. HERFORD. Todst. 

The scientific composition of water is of no practical importance for the 
correct application of steam technique. This chapter is only added for the 
interest of those who may wish to know some of the intricacies of chemical 
and physical mechanism that he hidden in snow, in our rivers and wells, or 
even in our fogs. The author is neither chemist nor physicist, he is not even an 
engineer, and the following information has been culled from all kinds of 
sources. 

783 . HYDROGEN HYDROXIDE. Chemically, water for long was looked 
upon as being a simple oxide of hydrogen—HgO. Its chemical behaviour 
however leads us to believe that it is really an hydroxide of hydrogen—H (OH). 
The hydrogen H of water can combine with a non-metal or combination of non- 
metals to form an acid. The hydroxyl OH part of the water can combine 
with one of the light metals to form an alkali. Acids and alkalis are the most 
active and important ehemical substances and they all spring from water’s 
loins. Water is the basis of the whole of our terrestrial chemistry and carries 
the tw^o most important active particles or ions—the hydrogen ions, or acid- 
producers, and the hydroxyl ions, or alkali producers. 

784. THE HYDROLS. Physically, water was until recently looked upon as 
being composed of single simple HjO or H (OH) molecules. More accurate 
determinations of the physical properties of water indicate that water must 
consist of a mixture of at least two, probably three, possibly more molecular 
arrangements. It is suggested that water really consists of a solvent, di-hydrol 
(H20)2, carrying in solution steam molecules, hydrol (HgO), and ice molecules, 
tri-hydrol (H20)3. 

At low temperatures the steam or hydrol molecules all disappear, and at 
higher temperatures near the boiling point the ice or tri-hydrol molecules 
disappear. This theory is said to account satisfactorily for several of the 
obseived phenomena of water, namely, the changes of specific heat, the changes 
of colour, the scattering effect on light, the change of density, etc. 

There is some evidence of the existence of very long chain molecules forming 
a network at the “ skin ” or surface of water. This is said to account for some 
surface tension effects. 

785 . STEAM. The single unattached molecule, hydrol, makes up the steam 
substance. The hydrol molecule is pictured as being of tetrahedral shape, that 
is a three-sided pyramid standing on a triangular base. The pictured structure 
of a molecule is imaginary but certain conventional mind pictures are useful. 
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For example, an atom is considered to consist of a positively charged nucleus 
with negatively charged electrons revolving in orbits, like planets, around it. 
This picture of the atom means that it is a kind of very empty fuzzy sphere. 

When two atoms of hydrogen combine with one atom of oxygen to form 
hydrol, it is thought that the oxygen nucleus remains at the centre and that 
the hydrogen nuclei place themselves near the surface at two of the points 
of an imaginary tetrahedron, as shown in Fig. 431. 



FIG. 431. NOTIONAL DIAGRAM OF STEAM MOLECULE 


786 . ICE. Whenever a group of molecules is so cooled that the relative motion 
between the molecules is overcome by their mutual attraction, they fasten 
themselves together, the positive hydrogen point or points of one molecule 
linking with the vacant negative point or points of another. 

When the molecules have linked themselves together in this way they 
form a definite structure or crystal lattice which is called Ice. There are 
obviously a number of different ways in which water molecules can link 
themselves together symmetrically. 

Eight different kinds of ice have been reported by various workers. These 
are known as Ice-I, Ice-II, etc. The denser ices only occur under verv high 
pressures and need not concern us, except to note that they exist. 

If we assume that ice-I is a structure where each HgO molecule is in contact 
with four others, it is clear that the structure must be more open than were the 
molecules a pile of slippery spheres where, if stationary and regular, each sphere 
would be in contact with 12 neighbours. 

When the molecules are arranged in an ice structure they are locked tightly 
together and can only vibrate, they cannot move freely or independently. Under 
a pressure of 13 or 14 tons/sq. in. the structure of ice-I collapses and one of the 
other molecular arrangements appears—the heavy ices, ice-II or ice-III. 

787 . MELTING. When heat is added to ice the molecules vibrate more 
strongly until some of them break their fetters. These molecules are probably 
still attached to some neighbours, but their structure has ceased to be rigid and 
they can slither about inside the openings and crevices of the ice structure. 
When sufficient heat has been added the structure breaks down completely, 
but this does not mean that the molecules have broken all their bonds. 
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As the temperature of water increases, a greater intermolecular movement 
will occur and, as a result of this extra activity, the molecules should be a httle 
further apart. Consequently there should be a steady expansion of water from 
the freezing or melting point upwards. This however is not the case. The 
density of water increases from the melting point 32° F. to 40*^ F. after which a 
steady decrease in density occurs. This can be readily explained if we assume 
that when ice has broken down into water there are still large numbers of 
molecules that are sufRciently bonded to their neighbours to occupy more 
space than that occupied by water. Although the increase of temperature from 
32° to 40° does cause an expansion, there is a contraction due to the breakdown 
of bonded groups of semi-ice that more than compensates, and causes the volume 
to contract until 40° F. is passed. 

788 . TRIHYDROL. Ice-I is generally looked upon as being (H20)3, though 
some authorities favour (H20)4 or (HgO)^,, one enthusiast even going so far 
as to suggest (H 20 ) 23 . Whatever the molecular linkage, it is known that ice 
has a cr^’Stalline structure—this can be seen very beautifully in certain kinds of 

now, and hoar frost is obviously ciy^stalline, but the crystal structure is not so 
obvious in an icicle. The structure must be an open one because the density of 
ice is only about nine-tenths that of water. 

789 . WATER—DIHYDROL. If water is composed of a solvent, dihydrol 
(H20)2, containing more or less hydrol (HoO) and trihydrol (HoO)3 in solu¬ 
tion, we must assume that each dihydrol molecule consists of a pair of active 
hydrol molecules tied together. Each dihydrol molecule group might be like 
Dr. Doolittle’s immortal animal, the “ Pushmepullyouor like a pair of 
independently-powered, independently-steered motor cars connected by a very 
powerful magnet. An occasional collision will break the connection when there 
will temporarily be two hydrol molecules. If the temperature is low enough, 
that is to say if the molecules arc going slow enough, these single hydrol mole¬ 
cules will find mates that they will hungrily clasp. If the temperature is ap¬ 
proaching the freezing point, single hydrol molecules wall attach themselves 
to dihydrol molecules to form icc molecules. 

It is almost certainly wrong to look upon water as a collection of slippery 
spheres. It is a complicated, jumbled mass of double molecules with more or 
less single and triple molecules, with many empty spaces and many local areas 
of traffic congestion. The whole thing is seething and milling round with 
molecules being knocked apart here and joining together there. Most of 
the movement of water is probably vibrational or rotational; only an occasional 
single hydrol molecule or pair of molecules will actually be swimming through 
the jumble. 

790 . BOILING. When water approaches boiling point quite a number of 
dihydrol molecules have been knocked apart into single hydrol molecules. 
The single molecule is much better placed to proceed on short sharp excursions 
through the hurly-burly, and most of the actual translational movement will 
be vested in the single hydrol molecules. The hotter the water the more 
violent is the movement, whether this movement be vibrational, rotational or 
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translational. The mutual attraction of the molecules is still sufficient to keep 
them in mutual semi-contact, but some near the surface, are so jostled that they 
jump out as explained in Section 6. 

When actual boiling temperature is reached the movement is such that any 
further activity ejects the single molecules, breaks the bonds of the double 
dihydiol molecules and the loss of energy due to the escapists keeps the tempera¬ 
ture from rising further. 

The theoretical boiling temperature, due to the pressure under which 
boiling is to take place, together with any hydrostatic pressure, may be 
appreciably lower than the temperature actually needed to produce boiling, 
because there is an additional force to be overcome, namely surface tension. 
A minute bubble has a very large surface/volume ratio and the suiface tension 
of its envelope is a mateiial force. As the bubble increases in size the 
surface/volume ratio rapidly decreases and the surface tension component 
resisting evaj)oration diminishes, so that a steam bubble has an inherent 
cxplosi\c tendency. This is the reason why water boils bumpily in a smooth 
glass vessel. 

791 . ICE- WATER—STEAM. Gold ice is a rigid pattern of locked molecules 
in which by far the most important force is the attraction of the positive hydrogen 
points on the shell of the molecule for the negative areas on the adjacent mole¬ 
cules. These locked molecules can only vibrate. 

Wutci is a random jumbled slippery arrangement where the principal 
force is still the mutual attraction of the positive and negative charges and 
where most of the molecules are linked in pairs, but where at low temperatures 
there arc plenty of triplets and at high temperatures there will be an increasing 
number of single steam molecules in solution. There is much vibratory move¬ 
ment, a lot of rotary movement and a little translatory movement. At the 
water surface there may be a network of very long chain molecules forming a 
“ skin 

Steam is a disorganised system of single molecules where the mutual 
attraction between the molecules has been completely broken down and where 
the great bulk of the energy is in the form of translational motion, although 
there is probably still much rotational movement as well. 

792 . LATENT HEAT OF FUSION. When ice melts its temperature remains 
constant while it absorbs and stores the heat energy by breaking the bonds that 
lock the structure together. The loosened molecules retain the bond-breaking 
enei'gy as vibrational and rotational energy. There can be no rise of tempera¬ 
ture because there is no increase in the kinetic energy. The process is com¬ 
parable to that of the vaporisation of steam described in Sections 6 to 14. The 
latent heat of the melting of ice is 143 Btu/lb. 

793 . SPECIFIC HEAT OF ICE. The apparent specific heat of ice varies 
with the purity of the water that is freezing. As ice forms the impurities become 
more and more concentrated in minute inclusions of liquid in the ice. The 
purer the water the smaller are such inclusions and, except for highly academic 
purposes, need not be considered. 
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The specific heat of ice varies with the absolute temperature, apparently 
becoming zero at absolute zero. The specific heat is of no practical importance 
except near to the freezing point for refrigeration calculations. For practical 
purposes the specific heat of ice can be taken as being *5. Table LXXVII 
gives round figure approximations of a number of published values. 

TABLE LXXVII. SPECIFIC HEAT OF ICE 


TEMPERATURE 

“f. 

APPROXIMATE 
SPECIFIC HEAT 

32 

•5 

- 60 

•4 

- 165 

•3 

-275 

•2 

-375 

•1 

-400 

6 

I 


794. TOTAL HEAT OF ICE—WATER—STEAM. If the specific heat of 
ice varies in accordance with the values in Table LXXVII it will have a total 
heat, above absolute zero, of 126 Btu/lb. The latent heat of fusion is 143 
Btu/lb. so that water at 32° F. has a true total heat of 269 Btu/lb. The sensible 
heat of boiling water at atmospheric pressure is 180 Btu/lb. and the latent heat 
of vaporisation is 971 Btu/lb. so that the real total heat of i lb. of dry saturated 
steam at atmospheric pressure is i ,420 Btu. These heat additions are shown on 
the temperature entropy diagram for ice, water and steam in Fig. 432. 

795. THE UNIQUE PROPERTIES OF WATER. Water is the basis of all 
life. All animal and vegetable structures are based on water. The juices and 
fluids in all forms of life are water solutions. 

Water has however other curious properties. One of the most interesting is 
that water has its greatest density at 40° F. If the maximum density were at 
32® F. it is possible that life on earth would be considerably reduced. 

Let us consider the freezing of a pond. As the water at the surface is cooled 
it sinks until the whole water content of the pond is at 40® F. Further cooling 
of the pond surface causes a slight expansion of the surface water which 
therefore floats where it is and discourages convection currents. Eventually the 
top layer solidifies. The water in the bulk of the pond is probably well above 
32® F., most of it will be at 40° F. Further freezing can only take place by 
conduction through the thickening ice layer which acts as an insulator. 

When warmer conditions come along the coldest part of the pond, the ice 
sheet, is the first to receive warmth and it melts. As the melted ice-water 
approaches 40® it sinks and any water that is below 40® F. rises and is in turn 
warmed. 

Now suppose that the maximum density of water was at 32° F. During 
cooling the coldest water would sink until the whole of the water in the pond 
had been cooled to 32® F. Ice formation would then be more rapid, and would 
be much more permanent. The ice sheet would be much thicker and in a 
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severe winter many ponds would be frozen solid. During the thaw the upper 
surface of the pond would be warmed. After the ice had melted the newly 
melted water would not sink and be replaced by cooler water. The 



FIG. 432, TEMPERATURE/entropy DIAGRAM OF ICE-WATER-STEAM 

newly melted water would have a lower density and would float and some of 
the deeper ice might never be melted. Consequently when another frost came 
along the whole pond would be cooler and would freeze more readily. Many 
ponds that at present get a mere skin of ice on their surfaces would be frozen 
solid and the life in them would be destroyed. 

From a thermal point of view water has superb qualities. It is the supreme 
heat carrier. It has a very high specific heat and a very high latent heat. 
It is therefore able to hold a great amount of heat in a very small bulk or 
weight. 

801 



§795 “*796 the efficient use of steam: chap. 26 

Water is stable and non-corrosive. It is abundant, tasteless and odourless. 
In Table LXXVIII are some of the physical constants of some other liquids 
for comparison with water. Of all the liquids that are reasonably stable and 
cheap only alcohol and glycol would seem to be suitable for use in heat engines, 
alcohol for low temperature ranges and glycol for higher temperatures. Carbon 
tetrachloride clearly has claims for use as a thermostatic liquid. 


TABLE LXXVIII. PHYSICAL PROPERTIES OF LIQUIDS 



1 

ATMOSPHERIC I 

1 BOILING POINT ' 

1 

i 

SPECIHC 

HEAT 

btu/lb. 

LATENT 

1 HEAT 

1 

btu/lb. 

TOTAL HEAT OF 
VAPOUR AT 

ATMOSPHERIC 
BOILING POINT 

1 biu/lb. 

Water. 

212 

10 

971 

1,151 

Acetone 

1 133 

•51 

223 

275 

Aniline. 

' 356 

; 

187 

352 

Alcohol—Ethyl 

164 ' 

•68 1 

368 

458 

Alcohol—Methyl 

148 

•61 ! 

473 

544 

Benzene 

176 

.47 j 

169 

237 

Carbon Tetrachloride . 

170 

•20 

84 

112 

Chloroform 

142 

•24 

100 

132 

Cresol. 

394 

•55 

181 

380 

I 

Glycol .. 

387 

•58 

344 

551 

Mercury .. I 

675 

•033 

122 

146 

Toluene.. .. .. i 

231 

•53 

156 

261 


796 . WATER AS A HEAT ENGINE FLUID. Figs. 22 and 24 in Sections 83 
and 88 show water as a very imperfect fluid for a heat engine. We know from 
Carnot’s theorem (Section 91) that the whole heat addition should be made at 
the highest temperature of the cycle. In all water-steam cycles that aspln* to 
efficiency this is far from being the case. In Figs. 22 and 24 practically no 
heat is added at the highest temperature, yet the superheater, valves, turbine, 
etc., all have to be made to stand this high temperature. 

In Fig. 24, Section 88, it was necessary to try to make the left-hand line of 
the diagram vertical by bleed heating. This is because water has such a high 
specific heat. 

The sharp superheat “ horn ” has to be added because the latent heat of 
steam changes so much with temperature. 

In Fig. 433 is a simple water-steam power cycle where the highest tempera¬ 
ture is 800® F. at 650 psi exhausting at 28*5 in. vacuum. The cycle is shown 
as the full line and has a cycle efficiency of 35* 6 per cent. 
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Dotted on the same diagram is the boundary curve of an imaginary liquid 
called “ nectar ’’ which has a very low specific heat. The liquid line AB is so 
nearly vertical that it would hardly be worth while adopting bleed feed heating. 

This imaginary liquid has a latent heat of vaporisation that varies only 
slightly with pressure so that the saturation line CD is so near to being vertical 
that no superheat is necessary. This enables almost all the heat to be added 
along BG at the highest temperature of the cycle. 


/ \ 

/ \ 

/ 



ilG. 433. POWER CYCLES WTTH \VATER AND IMAGINARY 
FLUID AT CONSTANT MAXIMUM TEMPERATURES 


The work area A B C E is nearly a rectangle and approaches a Carnot 
cycle. Were such a liquid available the cycle efficiency between 800° F. and 
q2° F. would be 52-2 per cent, against 35-6 per cent, with water. 

Unfortunately up to the present the chemists have not been able to offer the 
engineers such a liquid. 

797 . VISCOSITY OF WATER. Water changes in viscosity much more than 
most people remember and curious flow and heat transfer effects can offen be 
accounted for by changes in viscosity. (See Section 213.) A few viscosity 
values were given in Section 356. A list of values between 32° and 212“ F. 
is given in Table LXXIX. 
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798 . SOLUBILITY OF OASES IN WATER. The approximate solubilities 
of Air, Carbon Dioxide, Oxygen and Nitrogen in water are given in Fig. 434. 


TABLE LXXIX. VISCOSITY OF WATER 


TEMPERATURE 

*F. 

VISCOSITY 

CENTIPOISES 

LB./SEC. FT. 

32 

1*79 

-001203 

40 

1-54 

•001035 

60 

M2 

•000753 

80 

•86 

•000578 

100 

•64 

•000430 

120 

•56 

•000376 

140 

•47 

•000316 

160 

•40 

•000269 

180 

•35 

•000235 

200 

•30 

•000200 

212 

•28 

•000190 


799 . WATER THE SOLVENT. Pure water—a very rare material, is an 
almost universal solvent. Some very high pressure boilers, especially those of 
the single tube type, demand a feed water almost free from dissolved solids. 
Such water can be and is being produced, but it is not the innocent fluid it 
might seem at first sight to be. It dissolves everything, heat exchangers, feed 
pumps, etc. The purer the water the more important becomes the pH control. 
Hot, newly condensed water is particularly prone to dissolve plant. There was 
probably some GO2 in the trap in which the condensate was collected and the 
water dissolved the gas and thus became at birth an excellent solvent for other 
things, metals in particular. 

The distilled water produced by the quadruple effect evaporator described 
in Section 761, dissolved 15 lb. of steel every week from the plant for over a 
year before the pH of the distilled water was brought under adequate control. 
The eventual cure was to inject a little boiler blowdown into the steam spaces 
of the evaporator calandrias. 

Condensate pipe lines are for this reason particularly liable to corrosion 
from condensate. They are much more likely to suffer than feed water lines 
where the water has been treated and possibly de-aerated. In the author’s 
factory the copper coils of an old vacuum pan were replaced by a new set of 
steel coils which were given a very good fall to clear the condensate promptly. 
Within three years the condensate had cut a wide groove along the bottom 
of the coils ^-in. deep. 

Pure water if it is truly neutral is relatively harmless, but water so often 
has a chance to take up COj, when it at once becomes a potential danger. 
De-aeration should be done to all pure water at the very earliest possible 
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SOLUBILITY IN WATER Of AIR, NITROGEN, OXYGEN IN cc/lOOcc 
B CARBON DIOXIDE IN cc/cc 

FIG. 434. SOLUBILITY OF GASES IN WATER 


moment of its life. Complete de-aeration is a somewhat costly and difficult 
operation to do by means of heat, or flaish, and it may be necessary to adopt 
chemical means, but the addition of chemicals may add impurities, and the 
water ceases to be pure. 

Pure distilled water will dissolve quite a detectable amount of glass from the 
bottles in which it is kept. If stored in ordinary glass bottles for three or four 
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weeks it may dissolve sufficient silica, etc., as to render it unsuitable for ordinary 
accurate analytical purposes. 

800 . WATER THE SOLUTION* Natural water is simply a dilute solution 
of salts and gases. The proportions of the commoner salts found in water vary 
greatly. It is the composition of the impurities that gives to different waters 
their particular characteristics. 


TABLE LXXX. COMPOSITION OF VARIOUS WATERS 


PARTS PER 100,000 



BURTON 

WELL 

DUBLIN 

RIVER 

LONDON 

MEFROPOLITAN 

WATER 

BOARD 

LIVERPOOL 

CORPORA¬ 

TION 

IRISH 

SEA 

Total dissolved solids 

165*7 

31*4 

48*8 

6*9 

3,386*0 

Calcium carbonate. . 

10*90 

1 20*30 

19*40 1 

— 

4*8 

Calcium sulphate 

111*24 j 

1 6*36 

16*05 

1 3*14 

133*2 

Magnesium carbonate 

30-44 I 

1-29 

— 1 

! _ 

Tr. 

Magnesium chloride 

- 1 

— 

4*16 

1 *43 

— 

Magnesium sulphate 

1 

— 

•80 

•29 

— 

Potassium sulphate , . 

1*99 1 

- I 

— 

— 

— 

Sodium chloride 

5-57 

2*61 1 

1*88 

1 M4 

2,643-9 

Sodium nitrate 

2-81 1 

1 

1 

5*36 

— 

— 

Others including iron 


1 




and silica .. 

1*40 

•70 ' 

1*00 

*39 

604-1 


RAIN 

RAIN 1 

DEW, * 

1 

QMOW 

I 


WATER, 

WAT LR, 

ROTHAM- 




land’s end 

LONDON 1 

STEAD 

lvc»iVlallNv.j 

1 

Total dissolved solids 

42*8 

2*76 

4*87 

4*25 * 


Organic carbon 

•131 

•383 

•264 

•306* 


Nitrogen 

*054 

•258 

•297 1 

! *003? 


Chlorine 

21*8 

•50 

•53 

, *55 


Hardness 

10-0 1 

1 1 

i 

1*9 

•95 




PER 

CENT. BY VOLUME 




LOCH 





RAIN 

KATRINE 




i 

WATER 

WATER 




Nitrogen 

1*308 

1-731 




Oxygen 

•637 

•704 




Carbon dioxule 

•128 

•113 





* There were alM 3-0 parts of carbon as visible soot floes in suspension. 


806 



THE ICE-WATER-STEAM SUBSTANCE § 80O-80I 

Distilled water is pretty pure. Dew and snow water are not so pure but 
are still fairly pure. These waters are flat uninteresting drinks. Water with 
some salts in solution is pleasanter but the most important quality that makes 
water taste good is the presence in solution of air or CO2. For this reason newly 
boiled water is a very poor drink. 

It is on the composition of the water used for brewing that the quality of 
beer largely depends*. Most brewers try to treat their water so as to imitate the 
well water at Burton-on-Trent. Burton water has a most curious composition. 
It contains an astonishing amount of permanent hardness, and many brewers 
pass their water over gypsum in an endeavour to raise the hardness of their 
local water to Burton level. Many brewers, whose natural water contains 
much temporary hardness, heat all their water to throw down the calcium 
carbonate. This wastes a great amount of steam. Were they to add a little 
sulphuric acid, they could convert their carbonate into sulphate for a trifling 
cost. Although they freely add sulphate in the form of gypsum, they are so 
nervous of public opinion that they dare not use the rational and economical 
alternative of converting carbonate into sulphate. This is an excellent 
example ol the way an ignorant public opinion can call for inefficiency. 

All sorts of treatment can be given to water to remov^e undesirables or to 
add desirables. This book is no place for a discussion on water treatment. 
There is plenty of literature on the subject and some books on water treatment 
are listed in Section 805. Table LXXX shows the characteristics of several 
different waters. 

Burton water has clearly percolated through beds from which it has dissolved 
a lot of things. Liverpool water comes from the mountains of North Wales 
where it has run quickly down the rocky places into Lake Vyrnwy before it 
has had much time to do much dissolving. London water however is chiefly 
Thames and Lea water which flows through flat lands with only a few small 
hills. Its water has taken a long time to reach it and has had much opportunity 
to pick up salts. 

The rain water at Land’s End has picked up a lot of spume from the sea 
and is anything but pure compared with London rain. On the other hand the 
carbon content of London rain shows the effect of the smoke in a large city. 
The impurities of dew and snow are surprising. The knowledge of their true 
composition would flabbergast the. poets. 

801 . HEAVY WATER. Quite recently it has been found that water contains 
traces of an oxide of the hydrogen isotope or deuterium. Deuterium has an 
atomic weight of 2, double that of ordinary hydrogen, i. It is possible by 
extremely laborious and costly methods to obtain a concentrate of water 
containing deuterium oxide. This is the so-called heavy water which differs 
from ordinary water in its physical properties. As far as the practical steam 
user is concerned, it is, as far as we know, of no importance. It may have great 
importance in the future in the harnessing of atomic energy. 

* ♦ 41 
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EPILOGUE 


Whatever thou takest in hand, remember the end, 
and thou shalt never do amiss 

ECCLESIASTICUS. Vn 36. B.C. 180 

802. This book, which started as a simple stringing together of a handful of 
bulletins, had become, long before its end was in sight, a much more ambitious 
volume. The author does not claim to have covered every use and trick in 
steam’s repertory—there are dozens of processes of which he is entirely ignorant 
—but he believes that the most important matters have at least been mentioned. 

There has doubtless been much ill-balanced emphasis. Some important 
things have received the lightest of treatment while other trivialities have been 
heavily laboured. But the heavy hand on the small point has had in view the 
showing up of the method of attack and the possible road to the solution. 

Many of the things described in the book may be of most limited application. 
Some things, for example the curious machines depicted in Figs. 270 and 303, 
may never find an economic home in any factory. But the consideration of 
such things may point a way of doing the job much better in some related way. 
ALL thermal devices deserve investigation, deserve a careful estimate of their 
probable cost and deserve a conscientious calculation of the return they may 
bring. ‘‘ Remember the end, and thou shalt never do amiss.’* 



APPENDIX 

803 . BINARY AND OTHER CYCLES. In Section 89 a Steam powcr cyclc 
IS shown with a theoretical cycle efficiency of some 46 per cent. This was 
obtained by raising steam at 1,000 psi, superheating to 900° F., reheating to 
800° F. and feed heating by regenerative turbine bleeds. By raising the boiler 
pressure to over 2,000 psi and superheating to 1000® F. the cycle efficiency 
can be raised to just over 50 per cent. Now high temperature at high 
pressure brings in all kinds of engineering and metallurgical difficulties. An 
examination of Fig. 25 shows us that the high temperature, which brings all 
these difficulties is only accompanied by a very small heat addition. Most oi 
the heat is added at between 500 and 600° F. If the pressure drop were 
greatly limited it would be possible to keep the cycle within the boundary 
curve and therefore approximate to a Carnot rectangle, but much good energy 
would be lost. 

Binary Cycles 

Mercury boils at 900° F. under the very modest pressure of 80 psi. At 
28*5 in. vacuum mercury vapour has a temperature of 437° F. If therefore, 
mercury is boiled in a boiler, and the saturated mercury vapour passed through 
a mercury turbine the mercury vapour can be exhausted into a condenser 
which can be a water boiler, and can raise steam at 250 psi. This steam can 
be given some superheat up to say 600° F. from the flue gases of the mercury 
boiler. Owing to the low latent heat of mercury it is necessary to use about lo 
pounds of mercury for every i pound of water. 



FIG. 435. BINARY POWER CYCLE—MERCURY AND WATER 
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Fig. 435 shows the double cycle. The slim curve at the left of the diagram 
is the boundary curve for i lb. of mercury. The cycle is shown with 10 lb. of 
mercury and i lb. of water. 

The heat balance is roughly this :— 


Coal heat into mercury .. 

Coal superheat into steam 

• • 

1,410 Btu. 
U 5 » 



1,525 Btu. 

Power available from mercury turbine .. 
Power available from steam turbine 

Btu 

470 

370 

Per Cent. 

31 

24 


00 1 
0 1 

55 


Now this 55 per cent, has been obtained without any cycle refinements. 
10 lb. of mercury to i lb. steam is only approximately the proportion needed. 
By proportioning the fluids correctly and adding all kinds of heat exchange 
refinements, the efficiency of the cycle can be raised still more. 

This binary cycle clearly has attractions on the face of it. Almost all the 
heat input is done at the top temperature. At this high temperature the pressure 
is quite low—only 8o psi. 

The disadvantages are somewhat formidable. Mercury vapour is extremely 
poisonous. Mercury does not wet metal surfaces. The plant is complicated and 
costly. But several large mercury-steam stations have been working for some 
years in U.S.A. and have shown sustained overall thermal efriciencics of 36 per 
cent. While this is a distinct improvement on the best steam station, it is still 
lamentably low. Other fluids might give better results. Diphenyl oxide has 
been suggested as being more suitable than mercury. 

Compression-Condensation Cycles 

In Section 88 the cycle using compression to produce an extra gain of cycle 
efficiency was mentioned. The cycle consists of condensing the exhaust 
incompletely and compressing the steam-condensate mixture up to boiler 
pressure. If the steam is saturated initially this gives us the Carnot C^yclc. 
Such a cycle must therefore be worth examining. 

As the bald idea of recompressing exhaust steam to boiler pressure appears 
crazy, it merits a little discussion. If the whole of the exhaust steam from a 
perfect engine using saturated steam were recompressed to boiler pressure by a 
perfect compressor driven by the engine, the set would give no power and would 
work on an ordinary perpetual motion cycle. We can therefore say that exhaust 
steam recompression for power purposes is no good. 

But the compression of low pressure steam so as to raise its temperature to 
enable it to transfer its latent heat, is another matter. I'hermo-compressors for 
this purpose are in use in industry—see Section 493. The heat pump, Sections 
764-776, relies entirely on this principle. 
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In the compression-condensation cycle this is what the compressor does. 
The compressor takes a large weight of condensate, containing only sensible 
heat, and a small weight of steam, containing sensible and latent heat. The 
condensate is pumped up to boiler pressure at constant low temperature. 
The steam, on the other hand, increases in temperature as its pressure rises. 
It consequently transfers its latent heat to the condensate and appropriately 
condenses as its pressure rises. If the proportions of steam and water at the 
inlet are well chosen, the high pressure output of the compressor will be water 
only at the boiling temperature corresponding to the pressure. 



In order that the compression-condensation cycle should have the best 
conditions, the amount of steam in the steam-condensate mixture entering the 
compressor must be equal to the amount of steam that would be flashed off 
during the expansion of water from boiler temperature and pressure to the 
condenser pressure. Any less quantity of steam is simply loss to the cycle 
—it approximates more to straight condensation. Any greater quantity of 
steam reduces the usefulness capacity of each pound of steam, but does not 
theoretically damage the cycle efficiency. 

Fig. 436 shows the cycle, compared with an ordinary straight condensing 
cycle, applied to an old-fashioned mill engine. 
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Steam at C, i6o psi saturated, is expanded to D, 20-in« vacuum. 

If the exhaust is fully condensed to A, cool condensate will be used as boiler 
feed. 


We have then in the straight condensation cycle :— 

Heat input C — A = 1,198 — 129 == 1,069 Btu/lb. 

Heat drop C — D = 1,198 — 951 = 247 „ 

Cycle efficiency - 1 P . 2 = 23 * i per cent. 

1,069 

The Compression-Condensation cycle is shown in Fig. 436 as £ B C D. 
Steam at C, 160 psi saturated, is expanded to D, 20-in. vacuum. 


The exhaust is partly condensed to E, about 82 per cent. wet. 

The steam-condensate mixture is compressed from E to boiler pressure and 
temperature B. 

The state point has traced out C D E B—a Carnot rectangle. 

Heat input C — B = 

Heat drop C — D == 

Compresfor power B — E = 

Available net power 

Cycle efficiency 


1,198 — 

344 

= 854 Btu/lb. 

1,198 — 

951 

II 

344 - 

313 

= 31 

247 - 

31 

== 218 „ 

216 X 

100 


854 


= 25 • 3 per cent. 



This shows a gain over straight condensation of 2 • 2 on 23 * i or 9 • 5 per cent. 
It is extremely unlikely that any such gain would be achieved in practice. 
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In order that the cyde efficiency be equal to that of straight condensation 
the available net power must be equal to 

2 *:^^ = .97 Btu/ib. 

. •. The compressor power must equal 

247 - 197 = 50 „ 

giving an overall efficiency for the compressor and its drive of 

— = 62 per cent. 

50 

which IS not very likely. 

Fig. 437 shows the Compression-Gcndensation cycle applied to a high 
pressure power plant. 

The regenerative cycle gives the following :— 


Heat input 

C'-A' 

= 1.447 - 295 = 

1,152 Btu/lb. 

Heat drop 

Power forfeit by 

C'-D 

= 1.447 — 883 = 

584 .. 

bleeds 

A'- F 

= 295 - 249 = 

48 „ 

Net power available 


564 — 46 = 

518 „ 

Cycle efficiency 


518 X 100 

1.152 ” 

45 per cent, 


The compression condensation cycle gives :— 


Heat input C'—- B = 

Heat drop C'— D = 

Compressor power B — E = 
Net power available 

Cycle efficiency 


1.447 — 545 = 902 Btu/lb. 
1.447 - 883 == 564 „ 

545 - 407 =138 » 

564 - 138 = 426 „ 

426 X 100 

- - = 47*2 per cent. 

902 


The improvement theoretically obtained with compression-condensation 
over bleed heating is very small, only 5 per cent. There is little hope of the gain 
in efficiency not being swamped by compressor losses. The compressor would 
be a huge formidable machine. It must be very multistage, and must start as a 
blower taking a mixture of steam and water, and must end up as a centrifugal 
pump on water only. 

The cycle has actually been tried on a small power set and was reported to 
show a very great improvement—much greater than was theoretically possible. 
It was also tried on a locomotive, but the lack of exhaust to atmosphere to 
produce draught completely damned it. 


Gas Cycles. 

All the steam cycles discussed in this book have been vapour-liquid cycles. 
There is no reason why the fluid should exist in the liquid phase at any part of 
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the cycle. Such a dry cycle is called a gas cycle and can show a very high 
theoretical efficiency. Air or some dense permanent gas would be more con¬ 
venient than steam. 

J. P. Joule (a brewer) and Robert Stirling (a parson) devised air cycles 
lOO years ago that had cycle efficiencies two or three times those of the steam 
cycles in contemporary use, A 50 horse-power Stirling engine was actually 
worked in a Scottish factory 100 years ago and gave the surprising figure of 
2*7 lb. coal/BHP or, in modern parlance, 3-6 lb./kWh. Reference to 
Table XII will show how truly remarkable this was. These old gas cycles 
failed because the temperatures were too high for contemporary materials 
to withstand and the volume of the engine had to be huge. 



FIG. 438. GAS CYGLES USING STEAM 


With the advent of the modern very efficient turbo-blowers and gas 
combustion turbines, it is quite likely that gas-cycle plants, using some suitable 
gas, may become serious competitors of steam. 

As this book deals with steam and contains no data on other fluids, a 
comparison of a vapour-liquid steam cycle will be made with superheated 
steam gas cycles. 

The gas cycles will be assumed to work thus :—Superheated steam at 
900® F. will expand through a turbine to about double its volume. It will then 
reject heat by being cooled to 500® F. After cooling it will enter a turbo¬ 
compressor, driven by the turbine and be compressed back to its initial pressure. 
It will then pass through a fuel-fired superheater where it will be heated up 
again to 900® F. The cycle then repeats. Fastened to the end of the huge 
turbo-compressor is a relatively small generator. The bottom temperature of 
500® F. has been chosen because several pressure drops between 900® F. and 
500® F. can be compared without risk of getting into the wet region. 
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Fig. 438 is a temperatiire/entropy diagram showing three of these gas 
cycles, T, R and P, using superheated steam. The vapour-liquid steam cycle 
between the same temperatures is sho\^'n at Z. 

These four cycles, and two not shown in Fig. 438, are tabulated below. 


INITIAL 

EXHAUST 

AFTER 
REJECT OR 
PROCESS 

RECOMPRESSED 

TO 

HEAT 

INPUT 

POWER 

OUT 

COMPR. 

POWER 

NET 

POWER 

OXJT 

CYCLE 

EFFY. 

HEAT 

PUT 

OUT 


PSI.A. 

• F. 

BTU 

A 

PSI.A. ^ 

BTU 

B 

•F. 

BTU 

C 

PSI.A. 

BTU 

D 

A—D 
« E 

A—B 
— F 

D—C 

«= 0 

P—G 
=» H 

IOOh 

E 

0 

0 

B— C 

T 

1,000 

900 

1,448 

500 

1,358 

500 

1,232 

1.000 i 

1,298 

150 

90 

66 

24 

16 

126 

s 

500 

900 

1,467 

250 

1,373 

500 

1,264 j 

500 i 

1,340 

127 

94 

76 

18 

14*2 

109 

R 

250 

900 

1,474 

100 

1,353 

500 

1,279 

250 

1,386 

88 

121 

107 

14 

15*9 

74 

Q 

100 

900 

1.479 

40 

1,356 

500 

1,285 

100 

1.393 

86 

123 

108 

15 

17-5 

71 

p 

40 

900 

1,482 

AT. 

1.347 

500 

1,288 

40 

1,408 

74 

135 

120 

15 

20-3 

59 


1 









A~C 

1 


A — B 



Z 

3.100 1 900 

1.357 

080 

1,203 

1 

500 

489 1 


868 

154 

i 

154 

17-8 

714 


It will be seen that the theoretical efficiency of these gas cycles is little 
different from that given by the corresponding vapour-liquid cycle. There are 
very great other differences however. Cycle P gives only one tenth of the 
power given by cycle Z per lb. of steam. For the same output the plant in 
cycle P must have a steam throughput of ten times that of cycle Z. The average 
specific volume of the steam in cycle P is 60 times that in cycle Z. So that for 
equal powers a plant working cycle P would have to pass several hundred times 
the volume of the steam in cycle Z. On the other hand cycle Z is working at 
the very high pressure of 3,100 psi whereas cycle P works between 40 psi.a. and 
atmospheric pressure. 

The advantages of gas cycles aie that much lower pressures and lower 
temperatures can be used. The principal disadvantage is the size of the 
machines. Most of the work done in the turbine is used to drive the compressor. 

The object of discussing gas cycles here is simply to show that a steam power 
plant could be made to work without liquid water existing at any part of the 
cycle, and to give a brief explanation of the way gas cycles work, as they may be 
in extensive use in a few years’ time. Steam is not at all suitable for use in a 
gas cycle. The best fluid is a dense permanent gas. 

804 . PARALLELING WITH THE GRID. Inmany factories Steam demand 
and power demand are out of balance. In a number of factories the power load 
is fairly constant, but the steam load is very heav>^ at the beginning of the day 
and rapidly tails off. In such factories a back pressure engine may only be able 
to meet a small part of the afternoon electrical load, though the morning steam 
demand could possibly have produced twice the power that the factory needed. 

In such a case it is clear that the right way to run is in parallel with the 
grid. In the morning, current could be fed into the grid and in the afternoon 
current could be drawn from the grid. 
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There are a number of factories that operate thus, but they are a drop in 
the ocean compared to the number that ought to be so working. Some elec¬ 
tricity undertakings do not look favourably on parallel running. Ham-handed 
synchronisation can cause surges and interfere with adjacent works. These 
objections are possibly exaggerated as those works that do run in parallel do 
so quite successfully. 

Parallel running does however postulate a fairly massive connection to the 
public supply. Suppose a factory has a 2,000 kW plant and expects to export 
250 kW in the morning and import 250 kW in the afternoon. A connection of 
250 kW capacity will probably be totally inadequate to meet the swings that may 
occur during synchronisation. The connection will probably have to be 
nearer 2,000 kW capacity. 

Once synchronisation is effected the machine governor goes out of action 
and the output is dependent on the throttle opening, which should be controlled 
by the process steam demand. The voltage is that of the mains supply and is 
not controlled by the factory generator excitation, which merely affects the 
power factor. 

There are methods of running in parallel with the grid which do not call 
for synchronisation. The first is to use an induction generator. This is exactly 
like an induction motor. It is excited by the public supply and will deliver 
current into the public network if it is run fast enough. It simply leans against 
the public supply. In such a machine the governor should be controlled by the 
process demand, that is to say, the back pressure. Then all the steam that the 
process needs will go through the set and when the quantity is large the machine 
will speed up and export current. 

As the exciting current is drawn from the supply, unless there is a considerable 
current generated the power factor will be very low and it will almost certainly 
be necessary to provide a condenser to correct the power factor. 

There is such a set working in London and it is beautifully simple. It can 
be started and stopped without any synchronising gear or synchronising skill. 
The forfeit paid is a rather lower generator efficiency and the need for power 
factor correction. 

The only other method that the author has heard of is the use of a syn¬ 
chronous induction generator. This is a machine exactly like an ordinary 
self-starting synchronous motor. The generator is provided with induction 
windings as well as synchronous poles. After being run up it can be switched 
on and it slips into synchronism automatically as soon as it approaches syn¬ 
chronous speed. The author has no information as to the practical working of 
such machines. They sound promising as there will be no synchronising 
hazards, yet the power factor and efficiency should be good. 

There is one point on which the would-be power-seller must be warned. An 
electricity supply company will only pay a very meagre rate for exported current. 
If current is being bought for irf. a unit, the supply company will probably 
offer something below a halfpenny. This is not deliberately heads I win, 
tails you lose,’’ but is an economic necessity. As a rule more than half of the 
cost of electricity is its distribution. Current exported by a factory only saves 
the supply company generating this current ; it does not help the distribution 
problem except in a few isolated cases of overloaded feeders. 
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Qiiitc a number of factories successfully share their electrical load between 
their own small generating plant and the public supply, by sectionalising their 
plant and providing two sets of bus bars. One set of bus bars is connected to 
their own generator and the other set is connected to the public supply. Change¬ 
over switches, which cannot contact both sets of bus bars simultaneously, are 
connected to each feeder so that flexibility of supply is assured. This arrangement 
is said to work well. 

805 . BOOKS. There are many books on boilers, heat engines, steam engines, 
turbines, thermodynamics, etc. There is a great lack of books on the use of 
steam from the factory operators’ point of view. 

The following list makes no pretence at being complete. It merely gives 
some of the books that the author has found helpful. Many of them are now 
out of print, and whether they will be reprinted within a reasonable time is 
uncertain. They are however available in many libraries. 

When trying to learn a subject, one book is seldom enough. There are 
always places in every book where its author fails to get his explanation across. 
When trying to get a smattering of a new subject this author has always found it 
necessary to study at least two books, preferably three. What is foggy and 
muddled in one, is crystal clear in another. There are some books that read 
well but are little use for reference owing to the inadequacy of the Index. 
Other books must be read with a continually critical mind lest errors be 
accepted as facts. Most technical books in their first editions contain errors, 
and a first edition should always be read with this in mind. The searching 
for mistakes in a book is one of the best ways of really learning the subject. 

Here is a brief list of books useful to the steam user :— 

'The 1939 Callendar Steam Tables —by G. S. Callendar and A. C. Egerton. 
Edward Arnold & Go. 1944. 2nd Edition. 65 pages. 

The Thermodynamic Properties of Steam —by Joseph H. Keenan and Frederick G. 
Keyes. 

Chapman & Hall, Ltd. 1936. ist Edition. 90 pages. 

Of the two steam tables Keenan and Keyes is more conveniently arranged, 
Callendar is more modern. 

The 1939 Heat-Entropy Diagram for Steam —3 colours. 38 in. by 33 in. 

Edward Arnold. 

This is a first-rate Mollier diagram of sufficient size to enable readings to 
be secured to i Btu. 

The Efficient Use of Fuel —^written for the Fuel Efficiency Committee by many 
people. 

H.M. Stationery Office. 1944. ist Edition. 800 pages. 

This book fills a great want by collecting together in one cheap volume a 
huge amount of valuable information. Its value would be greatly enhanced 
by a proper Index. 
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Steam Engine Theory and Practice —by William Ripper. (Out of print.) 
Longmans Green. 6th Edition. 1922. 500 pages. 

A first-class book which never lets theory get too far away from practice. 
The mathematics are kept to a minimum. 

Steam Power —by W, A. Dalby. (Out of print.) 

Edward Arnold. 2nd Edition. 1920. 750 pages. 

This is perhaps the best book that has ever been written on Steam Engines. 

Heat Engines —by David Allan Low. 

Longmans, Green & Co., Ltd. 1930. ist Edition. 15th Imp. 

This is one of the best books on Heat Engines as it is full of practical 
references. The illustrations are particularly good. It deals only with Heat 
Engines. 

The Theory and Ptactice of Heat Engines —by D. A. Wrangham. 

Cambridge University Press, ist Edition. 1942. 750 pages. 

This is a fine up-to-date book full of information, but also full of fairly 
advanced mathematics. It only deals with power plants and refrigerators. 

The Theory and Practice of Heat Engines —by R. H. Grundy. 

Longmans Green, ist Edition. 1942. 720 pages. 

An excellent up-to-date book. Deals only with heat engines. 

Valves and Valve Gears. Vol. I—by F. D. Furman. (Out of print.) 

Chapman & Hall, Ltd. 1923. 2nd Edition. 250 pages. 

This book gives much information about the characteristics of various 
valve gears. Describes the various graphical methods for analysing valve 
performance. 

Exhaust Steam Engineering —by Charles S. Darling. (Out of print.) 

Chapman & Hall, Ltd. 1928. ist Edition. 430 pages. 

The title of this book is rather misleading. Half the book is concerned 
with turbines—by no means only the exhaust end. But there is a lot of useful 
information about back pressure and pass-out arrangements and about 
accumulators. It contains many mistakes. 

Steam for Process and Industrial Heating —by Alexander H. Hayes. 

Forum Publishing Company. 2nd Edition. 1942. 200 pages. 

This is an excellent little book, but it contains more mistakes than a second 
edition should. It is very easy reading, contains hardly any formulae and 
very little arithmetic. 
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Steam Trapping and Air Venting —by L. G. Northcroft. 

Hutchinson. 2nd Edition. 1945. 170 pages. 

This is an excellent book, full of practical examples, well illustrated, racily 
written. It fills a great and long-felt want. It deserves a much better index. 

Evaporating^ Condensing and Cooling Apparatus —by E. Hausbrand. (Out of print.) 
Ernest Benn. 5th Edition. 1933. 500 pages. 

This is the standard text book on evaporator heat transfer. It is full of good 
stuff, but there is a lot of theory (especially on entrainment) that seems 
inadequately verified by practice. 

Heat Tfamjer and Evaporation —by W. L. Badger. (Out of print.) 

Chemical Catalog Company, ist Edition. 1926. 300 pages. 

This is a first-class book—possibly the best on the subject. Multiple effect 
evaporation is dealt with in detail. It is readable with not too much 
mathematics. 

Evaporation —by Alfred L. Webre. (Out of punt.) 

Chemical Catalog Company, ist Edition. 1926. 500 pages. 

An interesting and readable book. All kinds of Multiple Effect Plants arc 
analysed in detail. The book contains practically no advanced mathematics. 

Heat Tiansmhsion —by William H. McAdams. 

McGraw-Hill. 2nd Edition. 1942. 450 pages. 

An advanced book in which arc collected almost all the published heat 
transfer figures. Although it is the standard book on the subject, it is not 
suitable for ordinary, practical men, unless they are technically qualified. 

Heating and Air Conditioning of Buildings —by Oscar Faber and J. R. Kell, 

The Architectural Press. 1943. 2nd Edition. 580 pages. 

This book contains a mass of practical information with very little theory. 
All types of heating are discussed and the tables and diagrams are numerous 
and useful. 

Boiler Feed Water Treatment —by F. J. Matthews. 

Hutchinson. 3rd Edition. 1946. 250 pages. 

This book gives, in a simple easily read way, much information with the 
minimum of chemistry. 

Water Treatment Manual —Babcock & Wilcox, Ltd. 

(Undated.) 100 pages. 

A practical book which describes a comprehensive water control. 
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Properties of Ordinary Water Substance —by N. Ernest Dorsey. 

Reinhold Publishing Corporation. 1940. ist Edition. 670 pages. 

This is a really high-brow book and very difficult to use for ordinary work. 
It is a collection, in some 280 tables, of all the authoritative published data 
on Ice—^Water—Steam. The units used are all International and are very 
tiresome. Scattered throughout the book is an astonishing amount of useful 
miscellaneous information. 

Regression Analysis of Production Costs and Factory Operations —by Philip Lyle. 

Oliver & Boyd. 2nd Edition. 1946. 200 pages. 

This book discusses Regression Analysis in detail and has an excellent 
section on fitting simple empirical equations to all kinds of data. Although all 
the mathematics are quite elementary, the book requires concentration from 
the reader because it is very concise. 

806 . STEAM TABLES. H. V. Regnault, about 100 years ago, made the first 
systematic measurements of the heat properties of water and steam. Prof. 
H. L. Callendar published his epoch-making work on the properties of steam 
in 1900. Since that time much research has been done by many eminent 
workers all over the world. By 1930 satisfactory practical agreement was 
reached for most of the properties over a very wide range. For the ordinary 
factory technologist any steam table published since 1930 will be quite accurate 
enough for all ordinary purposes. 

The tables in most common use in Britain are :— 

Keenan, 1930. 

Callendar, 1931. 

Keenan and Keyes, 1936. 

Callendar, 1939. 

There are some small inconsistencies within the Callendar 1939 tables, 
but they are of no importance. 

Steam tables seem to be constructed for the convenience of a handful of 
turbine designers. They are either based on absolute pressures or on tempera¬ 
tures. The factory operator seldom knows his temperature and generally talks 
only of gauge pressure, so that to use a steam table he almost always has to 
indulge in tiresome interpolation. The Saturation and Superheat tables 
following have been based on gauge pressures. It is hoped that the intervals 
and range are such as to reduce interpolation to a minimum without making 
the tables unduly cumbersome. 

These steam tables have been constructed by interpolation from the plotted 
and smoothed values in the Callendar 1939 table. 

Steam tables contain the whole story of steam, and this story has been 
elaborated in this book. 


* 
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TABLE I. THE PROPERTIES OF SATURATED STEAM 

AND WATER* 


PRESSURE 

1 

TEMPER¬ 

ATURE 

•f. 

HEAT 

btu/lb. 

VOLUME 

cu. pt./lb. 

entropy 

btu/*f.abs./lb. 

VAC. 
IN. HO. 

PSI 

ABS. 

SENSIBLE 

LATENT 

TOTAL 

GIBBS 

LIQUID 

VAPOUR 

LIQUID 

evap. 

total 

29-5 

•245 

58-8 

26-8 

1060-5 

1087-3 

0-6 

•0160 

1257 

•053 

2-045 

2-098 

29-25 

• >67 

70-2 

38-3 

1053-8 

1092-1 

1-3 

-0161 

860 

•075 

1-989 

2-064 

29 

-490 

78-9 

47-0 

1049-1 

1096-1 

2-0 

•0161 

656 

•091 

1-948 

2-039 

28-75 

-612 

85-8 

53-8 

1045-2 

1099-0 

2 

•0161 

532 

•104 

1-916 

2-020 

28-5 

-735 

91-6 

59-6 

1041 9 

1101-5 

3-4 

-0161 

447 

•114 

1-890 

2-004 

28-25 

-857 

96-6 

64-6 

1039-3 

1103-9 

4-0 

•0161 

387 

•123 

1-868 

1-991 

28 

-979 

101-0 

69-0 

1036-7 

1105 7 

4-6 

•0161 

341 

•131 

1-849 

1-980 

27-75 

1-102 

105-0 

72-9 

1034-6 

1107-5 

5-1 

•0162 

305 

•138 

1-832 

1-970 

27-5 

1-224 

108-6 

76-6 

1032-4 

1109-0 

5-6 

•0162 

276 

•145 

1-816 

1-961 

27-25 

1-347 

111-8 

79-9 

1030-6 

1110-5 

6-1 

•0162 

252 

•150 

1-803 

1-953 

27 

1469 

114 9 

82-9 

1028-9 

1111-8 

6-6 

•0162 

233 

•156 

1-790 

1-946 

26-5 

1-714 

120-5 

88-4 

1025-7 

1114-1 

7-5 

•0162 

201 

•165 

1-768 

1-933 

26 

1-958 I 

125-3 

93-2 

1022-8 

1116-0 

8-3 

•0162 

177 

•174 

1-748 

1-922 

25-5 

2-203 

129-7 

97-6 

1020-3 

1117-9 

9-0 

•0163 

159 

•181 

1-732 

1-913 

25 

2-448 

133-6 

101-5 

1018-1 

1119-6 

9-8 

-0163 

144 

•188 

1-716 

1-904 

24-3 

2-693 

137-3 

105-2 

1015-9 

1121-1 

10-5 

•0163 

132 

•194 

1-702 

1-896 

24 

2-938 

140-7 

108-7 

1013-9 

1122-6 

11-2 

•0163 

121 

•200 

1-689 

1-889 

23-5 

3-183 

143-8 

111-8 

1012-1 

1123-9 

11-9 

•0163 

112 

•205 

1-677 

1-882 

23 i 

3-428 

146-8 

114-7 

1010-3 

1125-0 

12-5 

•0163 

105 

•210 

1-666 

1*876 

22-5 

3-672 

149-5 

117-4 

1008-8 

1126-2 

13-1 

•0163 

98-4 

•214 

1-657 1 

1-871 

22 

3-917 

152-1 

120-0 

1007-2 

1127-2 

13-7 

•0164 

92-6 

•218 

1-647 

1 -86S 

21-5 

4-162 

154-6 

122-5 

1005 8 

1128-3 

14-2 

•0164 

87-5 

•222 

1-638 

1-860 

21 

4-407 

157-0 

124-9 

1004-2 

1129-1 

14-7 

•0164 

82-9 

•226 

1-629 

1-85S 

20 

4-896 

161-4 

129-3 

1001-7 

1131-0 

15-8 

•0164 

75-1 

•233 

1-614 

1-847 

19 

5-386 

165-4 

133-3 

999-4 

1132-7 

16-8 

•0164 

68-7 

•240 

1-599 

1-839 

18 

5'876 

169-2 

137-1 

997-1 

1134-2 

17-7 

•0164 

63-3 

•246 

1-586 

1-832 

17 

6-365 

172-7 

140-6 

995-0 

1135-6 

18-5 

•0165 

58-8 

•252 

1-573 

1-825 

16 

6-855 

175-9 

143-8 

993-1 

1136-9 

19-3 

•0165 

54-8 

•257 

1-562 

1-819 

15 

7-344 

178-9 

146-8 

991-3 

1138-1 

20-0 

•0165 

51-4 

•261 

1-552 

1-813 

14 

7-834 

181-9 

149-8 

989-4 

1139-2 

20-8 

•0165 

48-4 

•266 

1-542 

1-808 

13 

8-324 

184-7 

152-7 

987-7 

1140-4 

21-6 

•0165 

45-7 

•270 

1-533 

1-803 

12 

8-813 

187-3 

155-3 

986-1 

1141-4 

22-3 

•0166 

43-3 

•274 

1-524 

1-798 

11 

9-303 

189-8 

157-8 

984-7 

1142-5 

23-0 

•0166 

41-2 

•278 

1-516 

1-794 

10 

9-793 

192 2 

160-2 

983-2 

1143-4 

23-7 

•0166 

39-2 

•282 

1-508 

1-790 

9 

10-28 

194-5 

162-5 

981-8 

1144-3 

24-3 

•0166 

37-5 

•286 

1-500 

1-786 

8 

10-77 

196-8 

164-8 

980-4 

1145-2 

25-0 

•0166 

35-9 

•289 

1-493 

1-782 

7 

11-26 

198 9 

167-0 

979-1 

1146-1 

25-6 

•0166 

34-4 

•292 

1-487 

1-779 

6 

11-75 

201-0 

169-1 

977-7 

1146-8 

26-2 

•0166 

33-1 

•295 

1-480 

1 -775 

5 

12-24 

203-0 

171-0 

976-5 

1147-5 

26-8 

•0167 

31-9 

•298 

1-474 

1*772 

4 

12-73 

204-9 

172-9 

975-3 

1148-2 

27-4 

•0167 

30-7 

•301 

1-468 

1-769 

3 

13-22 

206-8 

174-8 

974-0 

1148-8 

27-9 

•0167 

29-7 

•304 

1-462 

1-766 

2 

13-71 

208-6 

176-6 

972-9 

1149-5 

28-5 

•0167 

28-7 

•307 

1-456 

1-763 

1 

14-20 

210-3 

178-4 

971-7 

1150-1 

29-0 

•0167 

27-7 

•310 

1-450 

1-760 


•The Tables giving the properties of saturated steam and water and the properties of superheated steam are 
based on the values given in the 1939 Callendar Steam Tables by permission of Messrs. Edward Arnold and Co. 
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TABLE I. THE PROPERTIES OF SATURATED STEAM AND WATER 

continued 


PRESSURE 

TEMPER¬ 

ATURE 

•f. 

HEAT 

BTU/LB. 

VOLUME 

CU. FT./lb. 

ENTROPY 

btu/*f.abs./lb. 

PS! 

GAUGE 

PSI 

ABS. 

SENSIBLE 

LATENT 

TOTAL 

GIBBS 

LIQUID 

VAPOUR 

UQUID 

EVAP. 

TOTAL 

0 

14*69 

212 

180*2 

970-6 

1150-8 

29-9 

*0167 

26-8 

•312 

1*445 

1*757 

1 

15*7 

215-4 

183*6 

968-4 

1152-0 

31-0 

•0167 

25-2 

•317 

1*435 

1*752 

2 

16*7 

218-5 

186-8 

966-4 

1153-2 

32-1 

•0168 

23-8 

•322 

1-425 

1-747 

3 

17*7 

221*5 

189-8 

964*5 

1154*3 

33-0 

•0168 

22-5 

•326 

1*416 

1-742 

4 

18*7 

224*5 

192*7 

962-6 

1155-3 

34-0 

-0168 

21-4 

•331 

1*407 

1*738 

5 

19*7 

227*4 

195-5 

960*8 

1156-3 

34-9 

•0168 

20-4 

•335 

1-399 

1*734 

6 

20-7 

230-0 

198*1 

959*2 

1157*3 

35*8 

•0168 

19-4 

•339 

1-391 

1-730 

7 

21-7 

232-4 

200-6 

<^57-6 

1158-2 

36-7 

•0169 

18-6 

•342 

1-384 

1*726 

8 

22-7 

234-8 

203-1 

956*0 

1159*1 

37*5 

•0169 

17-9 

•346 

J-376 

1-722 

9 

23-7 

237*1 

205-5 

954-5 

1160-0 

38*3 

•0169 

17-2 

•349 

1-370 

1-719 

10 

24-7 

239-4 

207-9 

952-9 

1160-8 

39-1 

■0169 

16-5 

*352 

1-363 

1*716 

11 

25-7 

241*6 

210*1 

951*5 

1161-6 

39*8 

•0169 

15-9 

*356 

1*356 

1-712 

12 

26-7 

243*7 

212-3 

950-1 

1162-3 

40-6 

*0170 

15*3 

*359 

1-350 

1*709 

13 

27-7 

245-8 

214-4 

948-6 

1163 0 

41*3 

•0170 

148 

•362 

1-344 

1-706 

14 

28-7 

247*9 

216*4 

947*3 

J163-7 

42*0 

*0170 

14-3 

•365 

1-338 

1*703 

15 

29-7 

249*8 

218-4 

946-0 

1164-4 

42-7 

•0170 

13-9 

*367 

1*333 

1-700 

16 

30*7 

251*7 

220-3 

944-8 

1165*1 

43*4 

*0170 

13-4 

•370 

1-328 

1-698 

17 

31*7 

253-6 

222-2 

943*5 

1165-7 

44-1 

•0170 

13-0 

•373 

1*323 

1*696 

18 

32*7 

255-4 

224-0 

942-4 

1166-4 

44-8 

*0170 

12-7 

•375 

1-318 

1-693 

19 

33-7 

257*2 

225*8 

941-2 

1167-0 

45-4 

•0171 

12-3 

•378 

1-313 

1*691 

20 

34-7 

258*5 

227-5 

940-1 

1167-6 

46*1 

•0171 

120 

•380 

1-308 

1-688 

21 

35*7 

260*5 

229*2 

939-0 

1168-2 

46-8 

•0171 

11-7 

•382 

1-304 

1-686 

22 

36*7 

262*3 

230-9 

937*8 

1168-7 

47-4 

•0171 

11-4 

-385 

I -299 

1-684 

23 

37*7 

263-7 

232-6 

936-7 

1169-3 

48-1 

•0171 

11*1 

•387 

1-295 

1-682 

24 

38*7 

265*3 

234-2 

935-8 

1169 8 

48*7 

•0171 

10-8 

•389 

1-291 

1*680 

25 

39*7 

266-8 

235-8 

934*6 

1170-4 

49*3 

•0171 

10 6 

*391 

1-287 

I-671 

26 

40-7 

268*3 

237*3 

933*5 

1170-8 

49-8 

•0172 

10-3 

•393 

1-283 

1*676 

27 

41*7 

269*8 

238*7 

932*6 

1171-3 

50-3 

•0172 

10-1 

*395 

1-279 

1*674 

28 

42-7 

271-4 

240-2 

931*6 

1171-8 

50*8 

•0172 

9-87 

-397 

1-275 

1*672 

29 

43*7 

272*6 

241*6 

930-6 

1172-2 

51*3 

•0172 

9-66 

*399 

1-271 

1*670 

30 

44*7 

274*0 

243*0 

929-7 

1172-7 

51*8 

•0172 

9-46 

*401 

1-267 

1-668 

31 

45-7 

275*4 

244-4 

928-7 

1173*1 

52-3 

*0172 1 

9-27 

*403 

1*263 

1-666 

32 

46-7 

276*7 

245-9 

927-6 

1173*5 

52-8 

*0172 

I 9-08 

•405 

1*260 

1*665 

33 

47*7 

278-1 

247-2 

926-7 

1173*9 

! 53*3 

•0172 

8-90 

-407 

1-256 

1*663 

34 

48*7 

279-4 ! 

248-5 i 

925*8 

! 1174-3 

53-8 

•0173 

1 8*73 

•409 

1*252 

1-661 

35 

49*7 

280-7 

249-8 

924-9 

1174-7 

54-3 

•0173 

i 8-56 

*410 

1 -249 

1*659 

36 

50*7 

281*9 

251-1 

924*0 

1175*1 

54-8 

•0173 

8-40 

*412 

1*246 

1*658 

37 

51*7 

283*2 

252-4 

923*1 

1175-5 

55-3 

•0173 

8-25 

•414 

1*242 

1*656 

38 

52*7 

284*4 

253-7 

922-1 

1175-8 

55 8 

•0173 

8*11 

*416 

1*239 

1*655 

39 

53*7 

285-6 

254-9 

921*3 

1176-2 

56-4 

*0173 

7*97 

*417 

1*236 

1*653 

40 

54*7 

286-7 

256-1 

920-4 

1176-5 

56-9 

•0173 

7-83 

*419 

1*233 

1*652 

41 

55*7 

287*9 

257-3 

919*5 

1176-8 

57*4 

•0173 

7-70 

*420 

1-230 

1-650 

42 

56*7 

289-0 

258*5 

918*6 

1177-1 

57-9 

•0174 

7-57 

*422 

1-227 

1-649 

43 

57*7 

290*1 

259-6 

917-9 

1177-5 

58-4 

•0174 

7*45 

*424 

1*224 

1-648 

44 

58*7 

291*3 

260-8 

917*0 

1177*8 

58*9 

•0174 

7-33 

■425 

1*221 

1-646 

45 

59*7 

292*4 

261-9 

916-2 

1178*1 

59*3 

•0174 

7-22 

•427 

1-218 

1*645 

46 

60*7 

293*5 

263-0 

915-4 

1178*4 

59-8 

•0174 

710 

•428 

1-216 

1-644 

47 

61*7 

294*5 

264-1 

914-6 

1178-7 

60 4 

•0174 

6-99 

*430 

1-212 

1-642 

48 

62*7 

295*6 

265-2 

913-8 

1179-0 

60 9 

•0174 

6-89 

*431 

1-210 

1*641 

49 

63*7 

296-6 

266-3 

913-0 

1179-3 

61*4 

•0174 

6-78 

•433 

1-207 

1-640 

50 

64*7 

297-7 

267-4 

912-2 

1179*6 

61*9 

•0174 

6-68 

•434 

1-204 

1*638 

51 

65*7 

298*7 

268-4 

911*5 

1179-9 

62*4 

•0174 

6-59 

•435 

1-202 

1*637 

52 

66*7 

299*7 

269*4 

910-7 

1180-1 

62*9 

•0175 

6*50 

•437 

1*199 

1*636 

53 

67*7 

300*7 

270*4 

910-0 

1180-4 

63*4 

*0175 

6-41 

•438 

1197 

1-635 

54 

68*7 

301*7 

271-5 

909*2 

1180-7 

63*8 

•0175 

6-32 

•439 

1195 

1*634 

55 

69-7 

302*7 

272-5 

908-5 

1181-0 

64*2 

•0175 

6-24 

•441 

1-192 

1-633 

— 

__ — 

-- 

__L 
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TABLES 


I 


table I. THE PROPERTIES OF SATURATED STEAM AND WATER 

continued 


PRE 

PSI 

GAUGE 

SSURE 

PSI 

ABS. 

TEMPER¬ 

ATURE 

*F. 

HEAT 

DTU/LB. 

VOLUME 
cu. ft./lb. 

ENTROPY 

BTU/*F.ABS./LB. 

SENSIBO 

LATENT 

TOTAL 

GIBBS 

LIQUID 

VAPOUR 

UQUID 

BVAP. 

TOTAL 

56 

70-7 

303*6 

273*5 

907*8 

1181*3 

64*6 

■0175 

6-16 

*442 

1*189 

1*631 

57 

71-7 

304*6 

274*4 

907*2 

1181*6 

65*0 

*0175 

6*08 

•443 

1*187 

1*630 

58 

72*7 

305*5 

275*3 

906*5 

1181 8 

65*4 

*0175 

6*00 

•444 

1*185 

1*629 

59 

73-7 

306*5 

276*2 

905*9 

1182 1 

65*8 

*0175 

5*92 

*446 

1*182 

1*628 

60 

74-7 

307*4 

277*1 

905*3 

1182*4 

66*2 

*0175 

5*84 

•447 

1*180 

1*627 

61 

75-7 

308*3 

278*0 

904-7 

1182*7 

66*6 

•0176 

5*77 

•448 

M78 

1-626 

62 

76-7 

309*2 

279*0 

904*0 

1183*0 

67*0 

*0176 

5*70 

*449 

1*176 

1*625 

63 

77-7 

310*0 

280*0 

903*2 

1183*2 

67*4 

*0176 

5*63 

•451 

1*173 

1*624 

64 

78-7 

310*9 

280*9 

902 6 

1183*5 

67*7 

*0176 

5*56 

•452 

1-171 

1*623 

65 

79*7 

311*8 

281*8 

901*9 

1183-7 

68*1 

*0176 

5*50 

*453 

1*169 

1*622 

66 

80-7 

312*7 

282*8 

901*2 

1184*0 

68*4 

*0176 

5*43 

*454 

1*167 

1-621 

67 

81-7 

313 5 

283-7 

900*5 

1184*2 

68*8 

•0176 

5-37 

*455 

1*165 

1*620 

68 

82-7 

314*3 

284*5 

900*0 

1184*5 

69*1 

*0176 

5*31 

*456 

1*163 

1*619 

69 

83*7 

315*2 

285*3 

899*4 

1184*7 

69*5 

*0176 

5*25 

*458 

1*160 

1*618 

70 

84-7 

316*0 

286*2 

898*8 

1185*0 

69*8 

•0176 

5*19 

*459 

1*158 

1-617 

71 

85-7 

316*9 

287*2 

898*0 

1185*2 

70*1 

*0176 

5*13 

•460 

1*156 

1-616 

72 

86*7 

317*7 

288*0 

897*5 

1185*5 

70*5 

*0176 

5*08 

*461 

1*154 

1*615 

73 

87-7 

318*5 

288*7 

897*0 

1185*7 

70*8 

*0177 

5*02 

*462 

1*152 

1*614 

74 

88-7 

319*3 

289-4 

896 5 

1185*9 

71-2 

*0177 

4*97 

*463 

1*150 

1*613 

75 

89*7 

320 1 

290*3 

895*8 

1186*1 

71*5 

*0177 

4*92 

•464 

1*148 

1*612 

76 

90*7 

320*9 

291*2 

895*1 

1186*3 

71*9 

*0177 

4*87 

•465 

1*146 

1-611 

77 

91-7 

321 *7 

292 0 

894*5 

1186*5 

72*2 

*0177 

4*82 

*466 

1*145 

1*611 

78 

92*7 

322*4 

292*9 

893-9 

1186*8 

72*5 

•0177 

4*77 

*467 

1*143 

1*610 

79 

93*7 

323*2 

293-7 

893 3 

1187*0 

72*8 

*0177 

4*72 

*468 

1 141 

1-609 

80 

94*7 

323*9 

294*5 

892*7 

1187*2 

73*1 

*0177 

4*67 

*469 

1-139 

1-608 

81 

95-7 

324*7 

295*3 

892*1 

1187*4 

73*4 

*0177 

4*63 

•470 

1*137 

1-607 

82 

96*7 

325*5 

296*1 

891*5 

1187*6 

73*8 

*0177 

4*58 

•471 

1*135 

1-606 

83 

97*7 

326*2 

296*8 

890 9 

1187*7 

74*1 

*0177 

4*53 

*472 

1*133 

1-60S 

84 

98*7 

326*9 

297*6 

890*3 

1187*9 

74*5 

*0177 

4*49 

•473 

1*132 

1-605 

85 

99*7 

327*7 

298*3 

889*8 

1188*1 

74*8 

*0177 

4*45 

•474 

1*130 

1*604 

86 

100*7 

328*4 

299-1 

889*2 

1188*3 

75*1 

*0178 

4*41 

*475 

1*128 

1*603 

87 

101*7 

329*1 

299*8 

888*7 

1183*5 

75*5 

*0178 

4*37 

*476 

1*126 

1*602 

88 

102*7 

329*9 

300*6 

888*1 

1188*7 

75*8 

*0178 

4*33 

•477 

1*124 

1*601 

89 

103*7 

330*5 

301*3 

887*5 

1188*8 

76*2 

*0178 

4*29 

*478 

1*123 

1*601 

90 

104*7 

331*2 

302*1 

887*0 

1189*1 

i 76*5 

*0178 

4*25 

•479 

1*121 

1*600 

91 

105 7 

331*9 

302*8 

886*4 

1189*2 

! 76*9 

*0178 

4*21 

*480 

1*119 

1*599 

92 

106*7 

332*6 

303*5 

885*8 

1189*3 

77*2 

*0178 

4*17 

*480 

1*118 

1 1*598 

93 

107*7 

333*3 

304*2 

885*3 

1189*5 

77*6 

*0178 

4*14 

•481 

1*117 

1 1-598 

94 

108*7 

333*9 

304*9 

I 884*8 

1189*7 

77*9 

*0178 

4*10 

*482 

1*115 

1-597 

95 

109*7 

334*6 

305*6 

884*2 

1189*8 

78*2 

*0178 

4*07 

*483 

1*113 

1 1*596 

96 

110*7 

335*3 

306*3 

883*7 

1190*0 

78*6 

*0178 

4*03 

*484 

1*111 

1*595 

97 

111*7 

335*9 

307*0 

883*2 

1190*2 

78*9 

*0178 

4*00 

*485 

1-110 

1 1*595 

98 

112*7 

336*6 

307*7 

882*6 

1190*3 

1 79*3 

1 *0178 

3*96 

*486 

1*108 

1-594 

99 

113*7 

337*3 

! 308*3 

882*2 

1190*5 

79*6 

*0178 

3*93 

*486 

1*107 

1-593 

100 

114*7 

337*9 

309*0 

881*6 

1190*6 

79»9 

*0178 

3*90 

*487 

1*105 

1-592 

102 

116*7 

339*2 

310*3 

880*6 

1190*9 

1 80*5 

•0178 

3*83 

*489 

1*102 

1*591 

104 

118*7 

340*5 

311*6 

879*6 

1191*2 

i 81*2 

*0179 

3*77 

*491 

1*099 

1-590 

106 

120*7 

1 341*7 

313*0 

878*5 

1191*5 

i 81*8 

*0179 

3*71 

•492 

1*096 

1-588 

108 

122*7 

i 343*0 

314*3 

877*5 

1191*8 

! 82*4 

*0179 

3*65 

*494 

1*093 

1-587 

no 

124*7 

[ 344*2 

315*5 

876*5 

i 1192 0 

1 83*0 

*0179 

3*60 

*495 

1*091 

1-586 

112 

126*7 

345*4 

316*8 

875*5 

1192*3 

; 83*6 

*0179 

3*54 

*497 

1*087 

1*584 

114 

128*7 

346*5 

318*0 

874*5 

1192*5 

84*2 

*0179 

3*49 

*499 

1*084 

1*583 

116 

130*7 

347*7 

319*3 

873*5 

1192*8 

! 84*8 

*0179 

3*44 

•500 

1*082 

1*582 

118 

132*7 

1 348*9 

320*5 

872*5 

1193*0 

i 85*4 

*0180 

3*39 

*502 

1*079 

1-581 

120 

134*7 

350*1 

321*8 

871*5 

1193*3 

1 86*0 

•0180 

3*34 

•503 

1*076 

1-579 

122 

136*7 

351*2 

322*9 

870*8 

1193*6 

1 86*6 

*0180 

3*30 

•505 

1*073 

1*578 

124 

138*7 

352*3 

324*1 

869*8 

1193*9 

87*2 

*0180 

i 3*25 

•506 

1*071 

1-577 

126 

140*7 

353*4 

325*2 

868*9 

1194*1 

87*7 

*0180 

1 3*21 

•508 

1*068 

1-576 

128 

142*7 

354*5 

326*4 

867*9 

1194*3 

88*3 

*0180 

3*16 

•509 

1*066 

1-575 

130 

144*7 

355*6 

327*6 

866*9 

1 1194*5 

88*9 

*0180 

3*12 

*510 

1*063 1 

1-573 
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I THE EFFICIENT USE OF STEAM 

TABLE I. THE PROPERTIES OF SATURATED STEAM AND WATER 

continued 


PRESSURB 

TEMPER- 

HEAT 

btu/lb. 

VOLUME 

cu. ft./lb. 

ENTROPY 

btu/*f.abs./i-b. 

PSI 

GAUGE 

PSl 

ABS. 

ATURB 

•f. 

SENSIBLE 

LATENT 

TOTAL 

LIQUID 

VAPOUR 

LIQUID 

EVAP. 

TOTAL 

132 

146-7 

356-7 

328-8 

865-9 

1194-7 

•0180 

3-08 

•512 

1060 

1-572 

134 

148-7 

357-8 

330-0 

865 0 

1195-0 

-0180 

304 

•513 

1-058 

1-571 

136 

150-7 

358-8 

331-1 

864-1 

1195-2 

•0181 

3-00 

•514 

1-056 

1-570 

138 

152-7 

359-9 

332-2 

863-3 

1195-5 

•0181 

2-96 

•516 

1-053 

1-569 

140 

154-7 

360-9 

333-2 

862-5 

1195-7 

•0181 

2-93 

•517 

1-051 

1-568 

142 

156-7 

361-9 

334-3 

861-6 

1195-9 

•0181 

2-89 

•518 

1-049 

1-567 

144 

158-7 

362-9 

335-4 

860-7 

1196-1 

•0181 

2-86 

•520 

1-046 

1-566 

146 

160-7 

364-0 

336-4 

859-9 

1196-3 

•0181 

2-82 

•521 

1-044 

1-565 

148 

162-7 

365-0 

337-5 

858-9 

1196-4 

•0182 

2-79 

•522 

1042 

1-564 

ISO 

164-7 

365-9 

338-6 

858-0 

1196-6 

•0182 

2-76 

•523 

1-040 

1-563 

155 

169-7 

368-3 

341-1 

856-0 

1197-1 

•0182 

2-68 

•526 

1-034 

1-560 

160 

174-7 

370-7 

343-6 

853-9 

1197-5 

•0182 

2-61 

•529 

1029 

1-558 

165 

179-7 

372-9 

346-1 

851-8 

1197-9 

•0183 

2-54 

•532 

1-024 

1556 

170 

184-7 

375-2 

348-5 

849-8 

1198-3 

•0183 

2-48 

•535 

1-018 

1-553 

175 

189-7 

377-5 

350-9 

847-9 

1198-8 

•0183 

2-41 

•538 

I 013 

1-551 

180 

194-7 

379-6 

353-2 

845-9 

1199-1 

•0184 

2-35 

•540 

1009 

1-549 

185 

199-7 

381-6 

355-4 

844-1 

1199-5 

•0184 

2-30 

•543 

1-004 

1-547 

190 

204-7 

383-7 

357-6 

842-2 

1199-8 

•0184 

2-24 

•546 

•999 

1-545 

195 

209-7 

385-7 

359-9 

840-2 

1200-1 

•0184 

2-18 

•548 

•995 

1-543 

200 

214-7 

387-7 

362-0 

838-4 

1200-4 

•0185 

2-14 

•551 

•990 

1-541 

210 

224-7 

391-7 

366-2 

834-8 

1201-0 

•0185 

2-04 

•556 

•981 

1-537 

220 

234-7 

395-5 

370-3 

831-2 

1201-5 

•0186 

1-96 

•561 

•972 

1-533 

230 

244-7 

399-1 

374-2 

827-8 

1202-0 

•0186 

1-88 

•565 

•964 

1-529 

240 

254-7 

402-7 

378-0 

824-5 

1202-5 

•0186 

1-81 

•570 

•956 

1-526 

250 

264-7 

406-1 

381-7 

821-2 

1202-9 

•0187 

1-74 

•574 

•947 

1-523 

260 

274-7 

409-3 

385-3 

817-9 

1203-2 

•0187 

1 -68 

•578 

•941 

1-519 

270 

284-7 

412-5 

388-8 

814-8 

1203-6 

•0188 

1-62 

•582 

•934 

1-516 

280 

294-7 

415-8 

392-3 

811-6 

1203-9 

•0188 

1-57 

•586 

•927 

1-513 

290 

304-7 

418-8 

395-7 

808-5 

1204-2 

•0189 

1-52 

•590 

•920 

1-510 

300 

314-7 

421-7 

398-9 

805-5 

1204-4 

•0189 

1-47 

•593 

•914 

1-507 

310 

324-7 

424-7 

402-1 

802-6 

1204-7 

•0190 

1-43 

•597 

•908 

1-505 

320 

334-7 

427-5 

405-2 

799-7 

1204-9 

•0191 

1-39 

•601 

•901 

1-502 

330 

344-7 

430-3 

408-3 

796-7 

1205-0 

•0191 

1 1-35 

•604 

•895 

1-499 

340 

354-7 

433-0 

411-3 

793-8 

1205-1 

•0191 

1-31 

•607 

•890 

1-497 

350 

364-7 

435-7 

414-3 

791-0 

1205-3 

•0192 

1-27 

•611 

•883 

1-494 

360 

374-7 

438-3 

417-2 

788-2 

1205-4 

•0192 

1-24 

•614 

•878 

1-492 

370 

384-7 

440 8 

420-0 

785-4 

1205-4 ; 

•0193 

1-21 

•617 

•872 

1-489 

380 

394-7 

443-3 

422-8 

782-7 

1205-5 • 

•0193 

1-18 

•620 

•867 

1-487 

390 

404-7 

445-7 

425-6 

779-9 

1205 5 ! 

•0194 

1-15 

•623 

•862 

1-485 

400 

414-7 

448-1 

428-2 

777-4 

1205-6 i 

•0194 

1-12 

•626 

•856 

1-482 

410 

424-7 

450-5 

430-8 

774-8 

t 1205-6 

•0195 

1-09 

•629 

■851 

1-480 

420 

434-7 

452-8 

433-4 

772-2 

1205-6 

•0195 

1-07 

•632 

•846 

1-478 

430 

444-7 

455-1 

436-0 

769-6 

1205-6 

•0195 

1-04 

•635 

•841 

1-476 

440 

454-7 

457-3 

438-5 

767-1 

1205-6 

•0196 

102 

•637 

•837 

1*474 

450 

464-7 

459-5 

441-0 

764-5 

1205-5 

•0196 

1-00 

•640 

•832 

1-472 

460 

474-7 

461-7 

443-4 

762-1 

1205-5 

•0196 

•979 

•643 

•827 

1 -470 

470 

484-7 

463-8 

445-9 

759-5 

1205-4 

•0197 

•959 

•645 

•823 

1-468 

480 

494-7 

465-9 

448-3 

757-1 

1205-4 

•0197 

•939 

•648 

•818 

1-466 

490 

504-7 

467-9 

450-6 

754-7 

1205-3 

•0198 

•920 

•650 

•814 

1-464 

500 

514-7 

470-0 

453-0 

752-3 

1205-3 

•0198 

•902 

•653 

•809 

1-462 

510 

524-7 

472-0 

455-3 

749-9 

1205-2 

•0199 

•885 

•655 

•805 

1-460 

520 

534-7 

474-0 

457-6 

747-5 

1205-1 

•0199 

•868 

•657 

•801 

1-458 

530 

544-7 

475-9 

459 8 

745-2 

1205-0 

•0199 

•852 

•660 

•796 

1-456 

540 

554-7 

477-8 

462-0 

742-8 

1204-8 

•0200 

•835 

•662 

•792 

1 -454 

550 

564-7 

479-7 

464-2 

740-5 

1204-7 

•0200 

•820 

•664 

•789 

1-453 
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table I. THE PROPERTIES OF SATURATED STEAM AND WATER 

continued 


PRES 

PSI 

GAUGE 

SURE 

PSI 

ABS. 

TEMPER¬ 

ATURE 

•f. 

HEAT 

btu/lb. 

volume 
cu . ft ./ lb . 

ENTROPY 

BTU/*F.ABS./LB. 

SENSIBLE 

LATENT 

TOTAL 

UQUID 

VAPOUR 

LIQUID 

EVAP. 

TOTAL 

560 

574-7 

481-6 

466-4 

738-1 

1204*5 

-0200 

•805 

•667 

•784 

1*451 

570 

584-7 

483-4 

468*6 

735*8 

1204-4 

•0201 

•791 

*669 

•780 

1*449 

580 

594-7 

485-2 

470*7 

733*5 

1204-2 

•0201 

*776 

•671 

•776 

1*447 

590 

604-7 

487-0 

472-8 

731*3 

1204*1 

*0201 

*763 

*673 

*773 

1*446 

600 

614-7 

488-8 

474*8 

729*1 

1203*9 

*0202 

•750 

•676 

•768 

1*444 

610 

624*7 

490*5 

476-9 

726*8 

1203*7 

*0202 

*738 

•678 

*764 

1*442 

620 

634-7 

492-3 

479*0 

724*5 

1203*5 

•0203 

*726 

•680 

*761 

1*441 

630 

644-7 

494*0 

481-0 

722-3 

1203-3 

•0203 

•714 

-682 

•757 

1*439 

640 

654-7 

495-7 

483-0 

720-1 

1203*1 

•0203 

•703 

*684 

*754 

1 *438 

650 

664-7 

497-3 

484-9 

718-0 

1202-9 

•0204 

•692 

•686 

•750 

1*436 

660 

674-7 

499-0 

486-9 

715-8 

1202-7 

-0204 

*681 

*688 

•747 

1-435 

670 

684-7 

500 6 

488-8 

713-7 

1202-5 

•0204 

•670 

•690 

•743 

1*433 

680 

694-7 

502-2 

490-7 

711*5 

1202*2 

•0205 

660 

•692 

*740 

1*432 

690 

704-7 

503-9 

492-6 

709*4 

1202-0 

•0205 

•650 

•694 

•736 

1-430 

700 

714-7 

505-4 

494-4 

707-4 

1201-8 

-0206 

•641 

•696 

*733 

1-429 

710 

724-7 

507-0 

496-3 

705-2 

1201-5 

•0206 

•632 

•697 

*730 

1*427 

720 

734-7 

508-5 

498-2 

703-1 

1201*3 

•0206 

•623 

*699 

*727 

1*426 

730 

744-7 

510-0 

500-0 

701-0 

1201*0 

•0207 

•614 

•701 

•723 

1-424 

740 

754-7 

511-5 

501-9 

698-9 

1200-8 

•0207 

■605 

•703 

•720 

1*423 

750 

764-7 

513-0 

503-8 

696-7 

1200-5 

•0208 

•596 

•705 

•716 

1-421 

760 

774-7 

514-5 

505-5 

694-7 

1200-2 

•0208 

588 

•707 

•713 

1*420 

770 

784-7 

516-0 

507-2 

692-8 

1200-0 

•0208 

•580 

•708 

•711 

1-419 

780 

794-7 

517-5 

509-0 

690-7 

1199-7 

■0209 

•572 

•710 

•707 

1-417 

790 

804-7 

518-9 

510-8 

688-6 

1199-4 

•0209 

•564 

•712 

•704 

1-416 

800 

814-7 

520-3 

512-5 

686-6 

1199-1 

•0209 

•557 

•714 

•700 

1*414 

850 

864-7 

526-9 

521-0 

676-5 

1197-5 

•0211 

•522 

*722 

•686 

1*408 

900 

914 7 

533-9 

529-2 

666-7 

1195-9 

•0213 

•490 

•730 

•671 

1-401 

950 

964-7 

540-3 

537-1 

656-9 

1194-0 

•0215 

•462 

•738 

•657 

1*395 

1000 

1014-7 

546-4 

544-8 

647*2 

1192-0 

•0217 

•437 

•745 

•644 

1-389 

1050 

1064-7 

552-3 

552-3 

637-8 

1190-0 

•0218 

•414 

•753 

•630 

1-383 

1100 

1114-7 

557-9 

559-6 

628-3 

1187-9 

•0220 

•394 

•760 

•617 

1-377 

1150 

1164-7 

563-4 

566-7 I 

619-0 

1185-7 

•0222 

•375 

•766 

-606 

1*372 

1200 

1214-7 

568-8 

573-8 1 

609-6 

1183*4 

•0223 

*357 

•773 

•593 

1*366 

1250 

1264-7 

573-9 

580-8 

600-2 

1181-0 i 

-0225 

•341 

•780 

•581 

1-361 

1300 

1314-7 

578-9 

587-6 

590-9 

1178-5 

•0227 

•325 

•786 

*569 

1-355 

1350 

i 1364-7 

! 583-7 

594-2 

581-8 

1176-0 

•0229 

•311 

•792 

•558 

1-350 

1400 

1414-7 

588-4 

600-7 

572-6 

1173-3 

•0231 

•298 

•798 

•547 

1*345 

1450 

1464-7 

1 593 0 

: 607-2 

563-3 

1170-5 

•0233 

•285 

•804 

•536 

1*340 

1500 

1514 7 

! 597-5 

613-6 

554-2 

1167-8 

•0235 

•274 

810 

•525 

1-333 

1550 

1564-7 

601-8 

619-8 

545-2 

1165-0 

•0237 

•264 

> 816 

*514 

1-330 

1600 

1614-7 

606-1 

626-0 

536-0 

1162-0 

•0239 

•254 

1 -821 

•503 

1*324 

1700 

1714-7 

614*3 

638-1 

517-7 

1155-8 

•0243 

•234 

1 -832 

•482 

1-314 

1800 

1814-7 

622-1 

650-0 

499-0 

1149-1 

•0248 

•215 

, -843 

•461 

1-304 

1900 

1914-7 

629-6 

661-8 

480-4 

1142-2 

•0253 

•200 

•853 

•441 

1*294 

2000 

2014-7 

636-8 

673-5 

461-5 

1135-0 

•0258 

*186 

•863 

•421 

1-284 

2100 

2114-7 

643-7 

685*1 

442-0 

1127-1 

•0263 

•173 

•874 

•400 

1-274 

2200 

2214-7 

650-3 

696-8 

422-1 

II18-9 

•0268 

•161 

•884 

•380 

1*264 

2300 

2314-7 

656-8 

708*5 

401-5 

lllO'O 

•0274 

•150 

•894 

*360 

1*253 

2400 

2414-7 

663-0 

720-3 

380-2 

1100*5 

•0281 

•139 

•904 

•338 

1-242 

2500 

2514-7 

669-0 

732-5 

357-6 

1090-1 

-0289 

•129 

•914 

•317 

1-231 

2600 

2614-7 

674-8 

744-9 

333-7 

1078-6 

•0297 

•120 

•925 

•296 

1-220 

2700 

2714-7 

680-4 

758-2 

308-0 

1066-2 

•0306 

•111 

•935 

*272 

1*207 

2800 

2814-7 

685-8 

772-3 

279-2 

1051-5 

•0318 

*102 

•947 

*244 

1*191 

2900 

2914-7 

691-0 

787-5 

246-9 

1034-4 

•0332 

•0936 

•960 

*215 

1175 

3000 

3014-7 

696-1 

805-3 

207-4 

1012*7 

•0349 

■0847 

•975 

•180 

1155 

3193 * 

3208 * 

705 - 6 * 

896 - 0 * 

0 

896 . 0 * 

• 0489 * 

• 0489 * 

1 - 052 * 

0 

1 052 * 


* The values at the critical point were obtained by extrapolation. 
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THE EFFICIENT USE OF STEAM 


I 

1 

522 

1242-4 

2-176 

418 

1242-3 

2-154 

348 
1242-3 
2-134 

298 

1242-3 

2-116 

261 

1242-2 

2-100 


233 

1288-7 

2-126 

194 

1288-6 

2-106 

167 

1288-6 

2-090 

146 

1288-5 

2-075 

130 

1288-5 

2-062 

j 

1 

gi 

S 

m 

492 

1219-7 

2-149 

393 

1219-7 

2-126 

328 

1219-6 

2-106 

281 

1219-6 

2-089 

246 

1219-5 

2-072 

rr 

221 

1265-2 

2-101 

184 

1265-2 

2-082 

158 

1265-1 

2-064 

138 

1265-0 

2-050 

123 

1265-0 

2-036 

.1 

Ml 

0 

IW 

1 W 


462 

1196-7 

2119 

369 

1196-7 

2-097 

308 

1196-6 

2-078 

263 

1196-6 

2-060 

231 

1196-5 

2-044 

b 

209 

1242-2 

2-075 

174 

1242-1 

2 055 

149 

1242-0 

2-038 

131 

1242-0 

2-023 

116 
1241-9 
2-010 

0 

s 

450 

1187-6 

2-107 

359 

1187-5 

2-085 

299 

1187-4 

2-065 

257 

1187-4 

2-047 

225 

1187-3 

2-030 

bC 

0 

197 

1219-4 

2-048 

164 
1219 4 
2-028 

140 

1219-2 

2-011 

123 

1219-1 

1-996 

109 

1219-0 

1-982 

bi 

437 

1178-5 

2-094 

350 

1178-5 

2-072 

291 

1178-4 

2-051 

250 

1178-3 

2-033 

219 

1178-2 

2-018 

300T. 
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240 F. 

425 

1169-5 

2-081 

340 

1169-2 

2-058 

283 

1169-1 

2-039 

243 

1169-0 

2-020 

213 

1168-9 

2-005 

bi 

0 

«n 

n 

172 

1173-5 

1-986 

143 

1173-3 

1 966 

123 

1173-2 

1-949 

108 

1173-0 

1-935 

95-6 

1172-9 

1-922 

i c 

I 

E 

i: 

i 

Li 

k 

0 

bi 

§ 

413 

1160-4 

2-068 

330 

1160-2 

2-045 

275 

1160-1 

2-025 

236 

1160-0 

2-007 

206 

1159-9 

1-991 

b 

p; 

s 

170 

1168-8 

1-979 

141 

1168-6 

1-959 

121 

1168-4 

1-942 

106 
1168 3 
1-928 

94-2 

1168-1 

1-915 

CQ 

J 

2 

400 

1151-2 

2-053 

320 

1151-1 

2-031 

267 

1151-0 

2-011 

229 

1150-8 

1-993 

200 

1150-7 

1-977 

167 

1164-3 

1-973 

139 

1164-1 

1-953 

119 
1163 9 
1-935 

105 

1163-7 

1-921 

92-9 

1163-5 

1-907 

394 

1146-6 

2-046 

315 

1146-5 

2-024 

263 

1146-4 

2-005 

225 

1146-2 

1-986 

197 
1146 1 
1-970 

bh 

u 

0 

M 
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b 

0 

s 
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CU. FT. 
BTU PEI 
BTU PEI 

382 

1137-6 

2-033 

306 

1137-5 

2-010 

255 

1137-3 

1-990 

218 

1137-2 

1-971 

191 

1137-0 

1-956 

b 

0 

0 

n 

p: 

k 

160 
1150 5 
1-952 

133 
1150 2 
1-932 

114 

1150-0 

1 914 

99-7 
1149 8 

I 900 

88-7 

1149-5 

1-886 

s 

376 

1133-1 

2-025 

301 

1133-0 

2-003 

251 

1132-8 

1-982 

215 

1132-7 

1-964 

188 

1132-6 

1 949 

oochto .-ivo*n rj.-r4 mooov 

IN ^-O > ^ Os • •I-' 

.-iir>ON .-••nos oov-koo r~^oo 

•«r • -<f • • os-^ • oo-^ • 

VOLUME : 
TOTAL HEAT : 
ENTROPY : 

b 

370 

1128-6 

2-018 

296 

1128-4 

1-995 

247 

1128-3 

1-974 

211 

1128-2 

1-957 

185 

1128-0 

1-941 

b 

0 

00 

w^-^oo o^.^oo -<000 r^triv-i onrs 

‘ rn rvi-— -n*0 ••00 ••r* 

— ON *-i'-*ON -^ooN soocm voQoo 

rf . rr ' TT ■ • 00^ • 

b 

c 

0 

364 

1124-1 

2-011 

291 

1124-0 

1-988 

243 

1123-8 

1-967 

208 

1123-7 

1-950 

182 

1123-6 

1-934 

b 

153 

1136-8 

1-931 

127 

1136-4 

1-911 

109 

1136-1 

1-893 

95 2 
1135 9 

1 878 

84-6 

1135-6 

1-864 

0 

T-< 

h 

▼H 

358 

1119-6 

2-003 

286 

1119-4 

1-980 

239 

1119-3 

1-959 

204 

1119-2 

1-942 

179 

1119-0 

1-926 

bi 

0 

s 

150 

1132-2 

1-923 

125 

1132-0 

1-903 

107 

1131-6 

1-885 

93-6 

1131-3 

1-870 

83-2 

1131-0 

1-857 

352 

1115-1 

1-995 

281 
1114 9 
1-972 

235 

1114-8 

1-951 

b 

k 

148 

1127-7 

1-916 

123 

1127-4 

1-896 

105 
1127 0 
1-878 


bi 

0 

Ill III III 1 1 1 

140 F. 

145 

1123-1 

1-908 


Sat. 

341 

1105-7 

1-980 

276 

1109-0 

1-961 

233 

1111-8 

1-946 

201 

1114-1 

1-933 

177 

1116-0 

1-922 

Sat. 

144 

1119-6 

1-904 

121 

1122-6 

1-889 

105 

1125-0 

1-876 

92-6 

1127-2 

1-865 

82-9 
1129 1 
1-855 

PRESSURE 

psr ABS. 
CSAT. 

TEMP.) 

S? a? tv R*? s? R? s? 

^3 fNg fro fg 

VACUUM 

5 

s 

£ 

28 

27-5 

27 

26-5 

26 

25 

24 

23 

22 

21 
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TABLE II. THE PROPERTIES OF SUPERHEATED STEAU — Continued 
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TABLE II. THE PROPERTIES OF SUPERHEATED STEAM — Continued 
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TABLE II. THE PROPERTIES OF SUPERHEATED STEAM —Continued 
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TABLE III (Sect. 39). FLOW OF STEAM THROUGH PIPES 

Approximate Weights in Pounds of Dry Saturated Steam per Minute that will Flow 
through lOo ft. of various Sizes of Piping with a loss of One psi of Pressure : 


DIAMETER OP PIPE IN INCHES 


PSI.Q. 

r 

V 

ir 

2" 

2r 

2r 

4^ 

5" 

6" 

8' 

lO-' 

\r 

5 

•53 

1*17 

3*50 

7-4 

13-0 

20-7 

42-7 

75-0 

118 

247 

430 

717 

15 

•67 

1-42 

4*25 

9-0 

15*7 

25-0 

51-8 

91*3 

143 

300 

523 

875 

30 

•80 

1*67 

5-16 

10*8 

19-1 

30-3 

62-7 

110 

1 173 

1 362 

632 

1055 

45 

•92 

1-97 

5-83 

12*4 

21*7 

34-7 

70-0 

126 

198 

413 

722 

1203 

60 

1-00 

217 

6*50 

13-8 

24-2 

38-7 

79-7 

140 

221 

460 

803 

1340 

80 

1*13 

2-42 

716 

15-5 

27-2 

43-3 

89-2 

157 

247 

515 

900 

1500 

100 

1*25 

2-67 

8 00 

16-9 

29-6 

47-3 

96-3 

172 

271 

565 

983 

1645 

120 

1-37 

2-92 

8-85 

18-6 

32-7 

52-0 

108 

188 

297 

620 

1083 

1800 

150 

1-48 

3^17 

9-50 

200 

35-3 

56*0 

116 

204 

322 

672 

1172 

1950 

200 

1-67 

3-67 

10-83 

22*9 

40-3 

64-2 

133 

233 

367 

767 

1333 

2230 

250 

1-87 

400 

1200 

25 3 

44-6 

71-0 

147 

258 

407 

847 

1475 

2470 

300 

200 

4*33 

13 00 

27-2 

47-6 

760 

157 

275 

433 

905 

1580 

2630 


(See also Sections 171 to 174) 
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TABLE IV. PER GENT. OF FLASH STEAM — continued 
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TABLE IV. PER CENT. OF FLASH STEAM — Continued 


THE EFFICIENT USE OF STEAM 


rsONVOr^.O VO 
vo<ninioio 


m«-ooovo 

obciboibt^t^ 


«ntn*-<oovo 

mooo^co 

sss;^s 


OOIOMOVVO 


<n<NO\vOrn Cf> 


oovo^nd 


<o«tf-csooo 

ON 0\0V OV 00 



•n»-vo —NO 


ONVO«nor^ 



foior-oooN 

k 

fS^Qoovn 

Tf csor^tn 



o 

oovom«oo 

•o 

<*N 


«ONr^m 







''t-Nt •'O''0' 




t^l^^t'-VONO 




r>ioorroof<N 

% 

voi^or-^ 


h 

Or^-^NTINO 


■Nt mcsoNi^ 
NOn^ CS^f^ 



o\ 

VO r^ —00 NO 


o 

Osr-mcn*- 

*o 

tN 






^ ^ •Tf rN r*N 

f*N 



VOVONOIOIO 





t 

mw^voioro 

00 


fM'^mvor^ 

* 

NO«nm-.oo 



00 

'«0*ON VO-Nt 



r>. 

ON 

mf*N •— On 


On *•“ •'•N m o 







cs 


No-Ntf- ^ mm 

minmiom 




oornoN^oo 


OOOVOONt^ 

fS 


^voooonO 


oDoor^mo 

• 


t- 

»-*0\VO'^»-i 


O oo 

m 

OO 

•-«ONt^>r>N9- 

m 

m-*ONr*«o 


mmoi^co 


^ fo 



« 


^mmmm 



oocooor^t^ 


r^iNoofvir^ 

Osr-TTCSON 


OO VN^ONVO 

<s 


oovo^no 


r**r''mfsoN 

OONOn^CS^ 

h 



<r» <*N f»N «n «s 


fn<nfn<N|<s 

<s 


mmmmm 




t^C^VOVOVO 


OOfnONf^l^ 


Os<^«-<000 

f»N 


oeoMm-r 


goNf^^cS 
9«.4 0Nr'*tn 

k 

csi^c^mst 

m 

O 

•or^ot^fo 

o 

VO 

'<Tm«ONr' 


26 

mooomes 


rocn<^rnc^ 


fnfJNfnfstS 



mmm<MM 


N^ m m m 

NO VO «OIOIO 




vooooopoin 

o 


os^rim^ 

^OOOVO'^ 


r-votf —<00 

k 

r22iS2:?I2 


mro»-«oo(n 

ON 


OO 



ONf^ «omo 

CS 

•ocsor^^ 


menmcNn 


mfoc'if'irs 



mmtsr^M 


rO fO fO 




omoxtnoN 

^-»ONVOcn 






k 

00 r-Nr> (S On 

k. 

'Og.OkTNVO 

ooMSmot- 


00 

•-lOovnnoN 

•n 

-o- 

o6r**«r>m*^ 

ON 

•nm^-ONVO 



rrimcscin 


cnfM<sr<*- 



<S<S<scSf^ 


mmmcscs 






•-MPOfSO 

VN 


®’^<NO00 

k 

•MQooiors 

csor^«r>m 

k 

t...cSNor».oo 

<s 

iNONr^^d 


ONVOf*Nor^ 


fO 

00 

m 

cs 

csot--kr.-^ 




<SCSCM<S-< 



cs«s«s<s — 


mmcsescs 

co 


^ON^oom 

Or*»«n<SO 


o«MrN|<-«op 



^NO 00 00 On 

k 

vo«r>mor>> 


•op^«r>vo 

^«•ACSC^« 


VO 


<s 

m^ONi^Nn 

t- 

OOVO^fSON 

22 


f*%M<sr4ci 


f^nr^ »-«*-< 

- 




fSrscNics*-^ 

commcscs 


VO^»*^'-<V» 




% 

Qs.-4mm<Nt 

oONi^wm 

k^ 

w^-cf —oom 

k 

oomh^oeoe 

CSOl^^oM 

o 

00VOr<N*-00 

*n 



VO 

•nm*-<oovo 



<SCS<S<S*^ 

\ 






cscscs«»^ 


<mf^cscscs 


*-4r^<Nvoo 


nrommo 

•o 

» 

•OI^ONOnO 

k 

1 

•o^^csooun 

csooomm 




<nfSOi^«o 




o 

ooNO^ri-^ 

tn 









CSCSo^>^<4« 


cscsescs*^ 


oofnoNfnr^ 

» 

cs’^r-'t foo 

1—00«0«N^ 

•n 

* 

1-62 

1 44 
1-25 
106 
•87 

k 

—oof^ 


loo^mcn 

CM 

^OnvO’^-^ 


lO 

On 

2 

c^r^Nocso 

On 

'^CSONVOen 

CSCS«^«^<1| 


oomoorNivo 

k 

■^•OVOCSIN 

r*» 

» 

ONOoimm 

k 

NO«r>moNVO 


oomNor«f« 


oONOm«-*oo 

fS 

^vornor^ 

* 

m 

00 

mesOOONO 

m 

vO'^csoNr- 

00 

oeoincsc^ 











CS<li«^«li * 


OOPOOOfNVO 


VO r>» r^ VO "Nt 

ON 

% 

VOOOOQ — 

^ONOO® NO* 

k 

goNNOmo 

^»^ONr*io 




mcoooom 


r*-^ —OONO 


t* 

cs 

t.* 

ir> 

gv^ONPnr* 

© 




«n r* 00 On On 


•nm —oo'^ 
^-NONt'^fS 


51:2^3® 




1 


. 




VO 

rjvonvq . 
or*mM 


f>IONVOfO I 

1 

1 

« 

«r» 



ON«^CS 1 

k 

m 

11 

86 

60 

30 


.... 1 


^ ' ■ ’ ‘ 

1 


.... 1 


- ... 1 j 


^ . . . 1 


No^ve 


??? 1 1 


% 

VOOOOn . 

k 

^•^Om 


1 1 

r« 

twines 

cs 

1 


"TT 1 1 

ON 

'PT*^ 1 I 

V 

00 

??i| 11 


0\0 

1 1 

1 

rn 

?r 1 ! ! 

So 

•44 

•22 

m 

csvo 

•?« 111 

ON 

^ 1 1 I 1 


30 

1 

1 

c< 

-INI 

S- 

^ i I 1 1 

fN| 

^ 11 i 1 


• 1 1 1 1 


* 1 1 1 1 

1 


• 1 1 1 1 


• 1 1 1 1 


• I 1 1 1 


s : t s 
•a 

Oi 


.V.v;* 5 ^ 

•-CS*»NV5rt 5 , 




g 5 S 6 t 




















































































TABLES 


lY-V 


table IV. PER GENT. OF FLASH STEAM — Continued 


PRESSUmi * 

nUBSURB ' 

17" 

18" 

19" 

20" 

21’ 

22" 

23" 

24" 

25" 

26" 

27" 

28" 

16" vac. 

•32 

•67 

105 

1-45 

1-88 

2-36 

2-88 

3-46 

416 

4-95 

5-82 

7-21 

17" 

— 

•35 

•73 

113 

1-56 

204 

2-56 

315 

3-84 

4-63 

5-61 

6*91 

18" „ 

— 

— 

•38 

•78 

1-21 

1-70 

2-22 

2-80 

3-50 

4-29 

5-27 

6-57 

19" „ 

— 

— 

— 

•40 

•84 

1-32 

1-84 

2*43 

312 

3*92 

4-90 

6-20 

20" „ 

— 

— 

— 

— 

•44 

•92 

1-44 

2 03 

2-73 

3-53 

4-51 

5-82 

\nNAl FKhSSURB 













^ IN. VAC. 

INITIA) 

22" 

23" 

24" 

25" 

26" 

27" 

28" 






PRESSURE " 













21" vac 

i -49 

101 

1-60 

2-30 

310 

4 08 

5-39 


1 




22" 

— 

•52 

in 

1-82 

2-62 

3-61 

4*92 






23" „ 

— 

— 

•59 

1-30 

210 

309 

4-41 






24" 

— 

— 

— 

•71 

1-52 

2-51 

3-83 






25" 

— 

— 


— 

•81 

1-81 

3-13 







TABLE V (Sect. 44 ). FLASH FOR i LB. CONDENSATE 
COLLECTED AT 212 ° F. 


PRESSURE 

PSI.G. 

WEIGHT OF 
INPUT STEAM 
DRY SATURATED 

LATENT HEAT 
GIVEN UP IN 

PLANT 

WEIGHT OF 
FLASH 

HEAT IN 
FLASH 


1 

LB. 

BTU. 

LB. 

BTU. 

5 

10161 

976-2 

-0161 

18-5 

10 

1-0294 

981-0 1 

-0294 

33-9 

15 

10410 1 

984-8 i 

•0410 

47-2 

20 

1-0512 

988-2 

•0512 

58-9 

25 

1-0607 

991-3 

•0607 

69-8 

30 

1-0692 

994-0 

-0692 

79-6 

35 

1-0772 

996-3 

-0772 

88-9 

40 

1-0848 

998-5 

-0848 

97-6 

45 

1-0918 

1,000-3 

-0918 

105-7 

50 

1-0987 

1,002-2 

•0987 

113-5 

60 

1-1109 

1,005-7 

•1109 

127-6 

70 

1 -1226 

1,009-0 

•1226 

14M 

80 

1-1334 

1,011-8 

•1334 

153-5 

90 

1•1436 

1,014-4 

•1436 

165-3 

100 

1-1530 

1,016-5 

•1530 

176-1 


B 41 
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TABLE VI (Sect. 48). SUPERHEAT DUE TO WIREDRAWING 


nsHTTAL APPROXIMATE SUPERHEAT IN ’F. WHEN INmAL STEAM BLOWN 

SATURATED DOWN TO PRESSURES PSI.O. :— 

STEAM_ 


PRESSURE 

PSI.G. 

2 

4 

6 

8 

10 

15 

20 

25 

30 

35 

40 

45 

50 

75 

100 

5 

6 

2 














10 

14 

10 

6 

3 












15 

22 

18 

14 

11 

8 











20 

28 

24 

20 

17 

14 1 

6 










25 

34 

30 

26 

23 

20 

12 

6 









30 

38 

34 

30 

27 

24 

16 

10 

4 








35 

42 

38 

34 

31 

28 

20 

14 

8 

4 







40 

46 

42 

38 

35 

32 1 

24 

18 

12 

8 

4 






45 

48 

44 

40 

37 

34 

26 

20 

14 

10 

6 

2 





50 

52 

48 

44 

41 

38 

30 

24 

18 

14 

10 

6 

4 




60 

58 

54 

50 

47 

44 

36 

30 

24 

20 

16 

12 

10 

6 



70 

62 

58 

54 

51 

48 

40 

34 

28 

24 

20 

16 

14 

10 



80 

66 

62 

58 

57 

52 

44 

38 

32 

28 

24 

20 

18 

14 

2 


90 

70 j 

66 

62 

59 

56 

48 

42 

36 

32 

28 

24 

22 

18 

6 


100 

74 

70 

66 

63 

60 

52 

46 

40 

36 

32 

28 

26 

22 

10 


120 

78 

74 

70 

67 

64 

56 

50 

44 

40 

i 36 

j 32 

30 

26 

14 

4 

140 

84 

80 

76 

73 

70 

62 

56 

50 

46 

1 42 

1 38 

36 

32 

20 

10 

160 

87 

83 

79 

76 

73 

65 

59 

53 

49 

45 

41 

39 

35 

23 

13 

180 

90 

86 

82 

79 

76 

68 

62 

56 

52 

1 48 

44 

42 

38 

26 

16 

200 

92 

1 88 

1 84 

81 

78 

70 

64 

58 

54 

50 

46 

44 

40 

28 

18 


TABLE VII (Sect. 5a). ENERGY EQUIVALENTS 



MECHANICAL 

THERMAL 


FOOT-POUNDS 

BTU 

C.H.U. 

Mechanical equivalent of heat 

778 

1,400 

10 

1-8 

•56 

10 

Foot-ton. 

2,240 

2-88 

1-6 

Foot-pound . 

1 

•00129 

•00072 
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TABLE 3 VIII (Sect. 53). POWER EdUIVALENTS 



MECHANICAL 

THERMAL 

ELECTRICAL 


FT. LB./SEC. 

FT. LB./MIN. 

FT. LB./HR. 

BTU/HR. 

1 

C.H.U./HR. 

WATTS 

1 horse-power 

550 

33,000 

1,980,000 

2,545 

1,414 

746 

1 kilowatt .. 

00 

44,250 

2,655,000 

3,415 

1,897 

1,000 


TABLE IX (Sect. 104). APPROXIMATE TURBINE 
EFFICIENCY RATIOS 

{Assuming appropriate Superheat and appropriate Speed) 


HORSE 

POWER 

PRESSURE^\^ 

DROP 

250 1 500 

1 

1 

750 

1,000 

2,000 

3,000 

4,000 

5,000 

7,500 

10,000 

1,000 psi.a. to 400 

— 1 — 

— 

■— 

59 

62 

64 

65 

67 

68 

400 psi.a. to 1(X) 

47 54 

57 

59 

64 

67 

68 

69 

71 

72 

1(X) psi.a. to 20 

61 i 65 

67 

6C 

71 

73 

74 

75 

76 

76 

20 psi.a. to 28"' vac. 

64 68 

70 

71 

74 

76 

78 

79 

80 

80 


(This table must not be used without reading the explanation in the text.) 


843 








THE EFFICIENT USE OF STEAM 


TABLE X (Sect. 104). IDEAL HORSE POWER AND 
APPROXIMATE EFFICIENCY RATIOS FOR 
ENGINES AND TURBINES USING 10,000 LB. 
SATURATED STEAM PER HOUR 


INLET 

PRESS. 

SAT. 

PSI.G. 

EXHAUST 

20" 

VACUUM 

15" 10" 

5" 

ATM. 

5 

10 

GAUGE PRESSURE 

20 40 60 

80 

100 

HP 

855 

760 

690 

635 

590 

475 

455 

355 

230 




100 E 

53 

58 

60 

62 

65 

64 

61 

60 

56 

— 

— 

— 

T 

67 

62 

60 

57 

53 

51 

48 

46 

37 

— 

— 

— 

HP 

910 

815 

745 

680 

650 

570 

520 

420 

290 




125 E 

53 

58 

60 

62 

64 

67 

64 

63 

60 

— 

— 

— 

T 

64 

60 

59 

57 

53 

52 

48 

47 

38 

— 


— 

HP 

955 

860 

810 

735 

695 

615 

560 

465 

340 

250 



150 E 

53 

57 

58 

62 

63 

66 

66 

66 

62 

58 

— 

— 

T 

63 

59 

57 

57 

53 

53 

50 

48 

41 

32 

— 

— 

HP 

985 

895 

852 

775 

735 

655 

595 

500 

380 

290 

215 


175 E 

53 

57 

58 

61 

62 

66 

67 

67 

62 

62 

60 

— 

T 

62 

59 

56 

56 

53 

53 

50 

48 

43 

36 

— 

— 

HP 

1,020 

930 

885 

810 

770 

690 

635 

540 

420 

330 

255 

195 

200 E 

53 

56 

57 

60 

61 

64 

66 

67 

65 

62 

61 

60 

T 

62 

59 

56 

56 

53 

53 

50 

49 

45 

39 

35 

— 

HP 

1,050 

960 

910 

840 

800 

725 

665 

575 

450 

360 

290 

230 

225 E 

52 

55 

56 

59 

60 

63 

65 

66 

67 

63 

62 

60 

T 

62 

58 

56 

56 

54 

53 


49 

45 

39 

36 

— 

HP 

1,075 

985 

940 

870 

825 

750 

700 

610 

485 

395 

325 

265 

250 E 

— 

— 

— 

— 

59 

62 

63 

65 

67 

64 

61 

60 

T 

62 

58 

56 

56 

54 

53 

50 

49 

46 

61 

37 

— 

HP 

1,120 

1,030 

980 

910 

870 

795 

740 

650 

530 

445 

375 

315 

300 E 

— 

— 

— 

— 

— 

— 

62 

64 

67 

64 

60 

60 

T 

60 

58 

56 

56 

54 

54 

52 

50 

46 

41 

37 

— 

HP 

1,150 

1,065 

1,015 

945 

910 

I 835 

780 

690 

575 

485 

415 

360 

350 E 

— 

— 

— 

— 

— 

— 

62 

64 

66 

64 

60 

60 

T 

60 

59 

57 

56 

54 

54 

53 

50 

46 

42 

38 

— 

HP 

1,190 

1,100 

1,055 

980 

945 

870 

815 

730 

615 

525 

460 

405 

400 E 

— 

— 

— 

— 

— 

— 

— 

63 

65 

63 

59 

58 

T 

60 

59 

57 

56 

54 

54 

52 

50 

46 

44 

39 

35 
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TABLE XI (Sect.114). COMPARATIVE POWER GENERATING 

EFFICIENCY 



GOOD CONDENSING 
POWER PLANT 

BAD SMALL 
COMBINED POWER 
AND HEATING PLANT 

GOOD LARGE 
COMBINED POWER 
AND HEATING PLANT 

Theoretical process eflBciency 
Boiler efficiency 

Machine loss 

Coal consumption .. 
Generating efficiency 

Overall efficiency 

45 % 

85% 

5% 

•99 Ib./kWh 
} 28-7% { 

100 % 

50% 

30% 

•86 lb./kWh 
33% 

41% 

100 % 

83% 

10% 

•391b./kWh 

73% 

81% 


TABLE XII (Sect. 118). APPROXIMATE COAL CONSUMPTION 
OF POWER GENERATION 


APPROX. LB. COAL 
PER KWH 


Back pressure—^large good .. 

•4 

Back pressure—small bad. 

•9 

Public supply—base load. 

1-0 

Public supply—average . 

1-5 

Public supply—peaks . 

2-7 

Large industrial condensing engine 

3-3 

Non-expansive non-condensing pump 

14-0 


TABLE XIII (Sect. 120). BACK-PRESSURE POWER COSTS 

WINTER 1943/44 


Size of plant—^kW 

Hours per week 

Coal consumption—Ib./kWh 

Coal cost 

Overheads and depreciation 
Maintenance 

Labour . 

Miscellaneous .. 


350 4,000 

70 140 

•6 *4 


•15 

•26 

•08 

•12 

•02 


•10 

•09 

•03 

•03 

•02 


•63d./kWh •27d./kWh 


84.5 

















xiv-xvn 


THE EFFICIENT USE OF STEAM 


TABLE XIV (Scct.iao). APPROXIMATE BACK PRESSURE 
POWER HEAT CONSUMPTION 


SIZE OF SET 

KW 

BTU TAKEN FROM 
STEAM PER KWH 

3,000 and over 

3,415 X 1-1 

1,000 to 3,000 

3,415 X M25 

250 to 1,000 

3,415 X 1-15 

100 to 250 

3,415 X 1-175 

50 to 100 

3,415 X 1-2 

Less than 50 

3,415 X 1-25 


TABLE XV (Sect. 135). EXHAUST STEAM ACCUMULATORS 


NET PRESSURE 
DROP IN 
ACXRJMULATOR 
PSI.G. 

GROSS PRESSURE 
DROP OVER 
PLANT PSI 

(hydrostatic 
HEAD -5 PSi) 

LB. WATER PER 
LB. STEAM 
STORED 

WATER CAPACITY 
NEEDED TO STORE 
1,000 LB. STEAM 
CU. FT. 

EQUIVALENT NO. 
OF LANCS. 
BOILER SHELLS 

(30' X 8 ' 60 

1 toO 

2 

340 

5,460 

6 

2 too 

3 

174 

2,790 

3 

3 toO 

4 

120 

1,930 

2 

4 to 0 

5 

92 

1,475 

IS 

5 toO 

6 

75 

1,205 

u 


TABLE XVI (Sect. 160). FLUID LOSS BY LEAKAGE 


DUMETER 

OF HOLE ! 

1 

STEAM— 

lb./hour 

WATER—GALLS./HOUR 

CU. FT. FREE 

air/min. 

80 PSI 

100 PSI 

1 

300 PSI 

20 PSI 

100 PSI 


1 

14 

33 

20 

45 

4 

r 

56 

132 

80 

180 

16 

V 

126 

297 

180 

405 

36 

i' 

224 

528 

320 

720 

64 

1 


TABLE XVII (Sect. 160 ). COAL LOSS BY STEAM LEAKAGE 

TONS OF COAL PER ANNUM 


DIAMETER 

OF HOLE 

100 PSI 

BOILER BFHCIENCY 65% 

300 PSI 

BOILER EFFICIENCY 75% 

48 HR. WEEK 

144 HR. WEEK 

48 HR. WEEK 

144 HR. WEEK 

*' 

2 

7 

5 

14 

*' 

9 

28 

19 

56 

*' 

21 

62 

42 

126 

i' 

37 

111 

74 

223 


846 








TABLES 


xvm 


TABLE XVIII (Sect. 160 ). STEEL STEAM PIPES 


nominal 

PIPE 

diameter 

INCHES 

B.S.I. 

TABLE 

MAXIMUM 

STEAM 

PRESSURE 

PSl. 

FLANGE 

WEIGHT 

DIAMETER 

INCHES 

THICKNESS 

INCHES 

DIAMETER 
OF BOLT 
CIRCLE 
INCHES 

NUMBER 

OP 

BOLTS 

SIZE OF 
BOLTS 
INCH 

PER 

FOOT 

LB. 

PAIR OP 
FLANGES 
LB. 

i 

D 

50 

3i 

A 

24 

4 

i 

10 

1-3 

i 

E 

100 

3i 

4 

24 

4 

i 

10 

1-6 

i 

F 

150 

3i 

1 

24 

4 

i 

10 

2-4 

i 

H 

250 

4i 

4 

34 

4 

i 

10 

4-5 

i 

J 

350 

4i 

4 

34 

4 

1 

10 

5*6 

i 

K 

450 

4i 

4 

34 

4 

i 

10 

6 7 

i 

R 

600 

4i 

i 

34 

4 

f 

M 

61 

i 

D 

50 

4 

* 

2i 

4 

i 

1-4 

1-4 

i 

E 

100 

4 

4 

24 

4 

* 

1-4 

1*8 

i 

F 

150 

4 

f 

2i 

4 

i 

1-4 

2*7 

i 

H 

250 

4i 

4 

34 

4 

i 

1-4 

4*5 

i 

J 

350 

44 

i 

34 

4 


1-4 

5 6 

i 

K 

450 

4i 

i 

3i 

4 

i 

1-4 

61 

i 

R 

600 

44 

i 

34 

4 

i 

1-4 

6 1 

1 

D 

50 

44 

f. 

34 

4 

i 

20 

1*8 

1 

h 

100 

44 

A 

34 

4 

i 

2*0 

2*6 

1 

F 

150 

4i 

1 

3ft 

4 

f 

20 

3*7 

1 

H 

250 

4i 


3ft 

4 

1 

20 

5*5 

1 

J 

350 

4i 

i 

3ft 

4 

I 

20 

7-3 

1 

K 

450 

5 

i 

3i 

4 

1 

20 

9.4 

1 

R 

600 

5 

i 

34 

4 

1 

20 

9.4 

1 * 

D j 

50 

5i 

4 

34 

4 

i 

3-5 

31 

li 

E 

100 

51 

44 

34 

4 


3-5 

41 

H 

F 

150 

54 

4 

44 

4 

f 

3-5 

6*3 

n 

H 

250 

54 

ft 

44 

4 

t 

3-5 

8-6 

H 

J 

350 

54 

i 

44 

4 

i 

3-5 

KB 

U 

K 

450 

6 

1 

44 

4 

i 

3-5 

In 

H 

R 

600 

6 

1 

44 

4 

i 

3-5 

m 

2 

D 

50 

6 

ft 

44 

4 

1 

4*5 


2 

E 

100 

6 

t 

44 

4 

i 

4-5 

m 

2 

F 

150 

64 

i 

5 

4 

f 

4-5 

m 

2 

H 

250 

64 

1 

5 

4 

i 

4-5 

mSM 

2 

J 

350 

64 

1 

5 

4 

i 

4-5 

17-1 

2 

K 

450 

64 

1 

5 

8 

i 

4*5 

17*1 

2 

R 

600 

64 

1 

5 

8 

i 

4.9 

17-1 

2 i 

D 

50 

64 

ft 

5 

4 

I 

6-3 

5'2 

2 i 

E 

100 

64 

4i 

5 

4 

t 

6*3 

6-5 

2 * 

F 

150 

74 

i 

54 

8 

1 

6-3 

12-7 

2i 

H 

250 

1 

74 

i 

54 

8 


6-3 

15-3 


847 









XVUI 


THE EFFICIENT USE OF STEAM 
TABLE XVIII. STEEL STEAM PIPES- continued 


NOMINAL 

pira 

DIAMEFER 

INCHES 

B.S.I. 

TABLE 

MAXIMUM 

STEAM 

PRESSURE 

PSI 

FLANOB 

WEIGHT 

DIAMETER 

INCHES 

THICKNESS 

INCHES 

DIAMETER 
OP BOLT 
ORCLE 
INCHES 

NUMBER 

OF 

BOLTS 

SIZE OF 
BOLTS 
INCH 

PER 

FOOT 

LB. 

PAIR OF 
FLANGES 
LB. 

2i 

J 

350 

7i 

1 

5£ 

8 

i 

6-3 

20-3 

2* 

K 

450 

n 

li 

5i 

8 

i 

6-3 

22-8 

2i 

R 

600 

7i 

1 * 

5i 

8 

i 

6*9 

22-8 

3 

D 

50 

7i 

i 

5i 

4 

f 

7-5 

7-4 

3 

E 

100 

7i 

* 

5i 

4 

f 

7-5 

8-6 

3 

F 

150 

8 

i 

6k 

8 

f 

7-5 

151 

3 

H 

250 

8 

i 

6 f 

8 

f 

7-5 

210 

3 

J 

350 

8 

n 

6 i 

8 

i 

7-5 

30-3 

3 

K 

450 

8 

H 

6 i 

8 

i 

7-5 

30*3 

3 

R 

bOO 

8 

li 

6i 

8 

i 

8-7 

30*3 

4 

D 

50 

8 i 

i 

7 

4 

f 

9-7 

9*5 

4 

E 

100 

H 

i 

7 

8 

f 

9 1 

12*4 

4 

F 

150 

9 

i 

7i 

8 

f 

9-7 

21-3 

4 

H 

250 

9 

1 

7i 

8 

f 

9 7 

28*5 

4 

J 

350 

9 

11 

7i 

8 

i 

11*4 

39*2 

4 

K 

450 

n 

If 

7i 

8 

i 

11-4 

45 

4 

R 

600 

9i 

li 

7i 

8 

i 

140 

45 

5 

^ D 

50 

10 

i 

8i 

8 

f 

120 

16*6 

5 

E 

100 

10 


8i 

8 

f 

120 

18-7 

5 

F 

150 

11 

i 

9i 

8 

i 

120 

37 

5 

H 

250 

11 

H 

9i 

8 

1 

i 

140 

47 

5 

J 

350 

11 

H 

9i 

8 

i 

140 

63-5 

5 

K 

450 

11 

If 

9i 

12 

i 

15-7 

69 

5 

R 

600 

11 

If 

9i 

12 

i 

19 

69 

6 

D 

50 

n 

i 

9i 

8 

f 

14*3 

18*8 

6 

E 

100 

' 11 

# 

9i 

8 

i 

14-3 

25-5 

6 

F 

150 

12 

i 

lOi 

12 

i 

14-3 

41 

6 

H 

250 

12 

1* 

lOi 

12 

i 

16*7 

53 

6 

J 

350 

12 

li 

lOi 

12 

i 

16-7 

71 

6 

K 

450 

12 

If 

lOi 

12 

i 

20-7 

77 

6 

R 

600 

12 

If 

lOi 

12 

i 

24*6 

83 

7 

D 

50 

12 

i 

Oi 

8 

f 

19*4 

21 

7 

E 

100 

12 

i 

lOi 

8 

f 

19-4 

31 

7 

F 

150 

13i 

i 

Hi 

12 

i 

19-4 

49 

7 

H 

250 

13i 

H 

Hi 

12 

i 

19*4 

70 

7 

J 

350 

13i 

If 

Hi 

12 

i 

21-7 

91 

7 

K 

450 

13* 

If 

Hi 

12 

1 

26*3 

103 

7 

R 

600 

13* 

li 

Hi 

12 

1 

30*8 

110 

8 

D 

50 

13* 

i 

Hi 

8 

f 

220 

24-8 

8 

E 

100 

13* 

i 

Hi 

8 

f 

22-0 

36-5 

8 

F 

150 

14* 

1 

12i 

12 

t 

220 

64 

8 

H 

250 

14* 

li 

12i 

12 

I 

220 

81 
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TABLE xvin. STEEL STEAM PIPES— Continued 
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XDC-XX THE EFFICIENT USE OF STEAM 

TABLE XIX (Sect. 162). HEAT CONDUCTIVITY 


APPROXIMATE 

MATERIAL BTU/SQ. FT./HOUR/ 

*F. DIFF./l' THICKNESS 



r Copper. 

2,620 


Aluminium . 

1,430 

Heating Surfaces < 

Brass . 

Cast iron. 

720 

340 


Steel . 

310 


Lead . 

240 


r Water at 32® F. 

4 

Resistant Films < 

Water at 200® F. . 

Air 

5 

•2 

1 

Scale . 

1 to 12 


Diatomite, Kicselguhr or fossil meal 

1-0 

•6 

Lagging Materials ^ 

85% magnesia. 

•4 

Asl^stos flock 

•4 

Glass wool . 

•4 


Animal hair . 

•3 


^Cork . 

•3 


TABLE XX (Sect. 165). APPROXIMATE OUTSIDE 
TEMPERATURES OF LAGGED SURFACES 6 IN. 
BORE STEEL PIPE, STILL AIR AT 70° F. 


INTERNAL 

TEMPERATURE 

®F. 



LAGGING 

THICKNESS 



r 

1 ir 

2" 

2i" 

y 

4" 

100 

75 

74 

73 

72 

72 

71 

150 

83 

80 

78 

76 

75 

74 

200 

91 

86 

83 

80 

79 

76 

250 

99 

92 

88 

84 

82 

79 

300 

107 

98 

93 

88 

85 

82 

350 

115 

105 

98 

92 

88 

84 

400 

123 

111 

102 

96 

91 

87 

450 

131 

117 

107 

100 

95 

89 

500 

139 

123 

112 

104 

98 

92 

600 

155 

135 

122 

112 

104 

98 

700 

171 

147 

132 

120 

no 

102 

800 

188 

160 

142 

128 

117 

107 


850 





















TABLES XXl-XXn 

table XXI (Sect. 165 ). RECOMMENDED LAGGING 

THICKNESSES 


THICKNESS OF LAGGING 


IW 1 HKNAL 
TEMPERATURE 

HIGH 


85% MAGNESIA OR ASBESTOS 

TEMPERATURE 




PIPE OVER 

9" DIA. 
AND FLAT 


COMPOUND 

PIPE BELOW j 
3" DIA. 

PIPE 3*" 

TO 6 "' DIA. 

PIPE tr 

TO 9"^ DIA. 

Up to 200 


V 

V 

1' 

r 

200-300 


r i 

V 

ir 

2" 

300-400 


r 

ir 

2' 

2Y 

400-500 


ir 

r 

T 

2Y 

500-600 


ir 

2"' 

2r 

3" 

600 700 

plus T 

2" 


y 

700-800 

plus r 

1 

2^ 

2Y 

3" 


TABLE XXII (Sect. 166). APPROXIMATE HEAT LOSSES 
FROM BARE AND LAGGED FLAT SURFACES 
IN STILL AIR AT 70 ® F. 


BTU/SQ. FT./HOUR 


INTERNAL 


TEMPERATURE LAGGING THICKNESS 

°F. 


1 BARE 

' 

V 

li' 

2 " 

24" 

3" 

4" 

100 I 

1 

1 60 

10 

7 

! 


_ 

_ 

150 

155 

25 

20 

— 

— 

— 

— 

200 

i 295 

45 

30 

25 

— 

— 

— 

250 

450 

65 

45 

35 

_ 

-- 

. - ,, 

300 

645 

85 

60 

45 

40 

— 

— 

350 

875 

105 

75 

60 

45 

— 

— 

400 

1,140 

125 

90 

70 

55 

45 

_ 

450 

1,450 

150 

105 

80 

65 

55 

— 

500 

1,810 

175 

125 

95 

75 

65 

— 

600 

2,670 

- 

160 

120 

100 

85 

65 

700 

3,750 

— 

— 

150 

125 

105 

80 

800 

5,100 


i 

185 

150 

130 

100 


851 



XXin—XXIV THE EFFICIENT USE OF STEAM 

table XXIII (Sect. I66). APPROXIMATE HEAT LOSSES 
FROM BARE AND LAGGED 6-IN. PIPE 
IN STILL AIR AT 70° F. 


internal 

temperature 

^F. 


BTU/SQ. FT./HOUR 


LAGGING THICKNESS 



BARE 

r 

ir 

2" 

2r 

! 

I 

4 ^ 

100 

58 

11 

8-5 





150 

166 

31 

23 

___ 

_ 



200 

296 

52 

39 

32 

— 

1 — 

— 

250 

454 

74 

55 

45 




300 

646 

98 

73 

60 

51 

_ 


350 

876 

122 

91 

75 

64 

— 

— 

400 

1,142 

148 

no 

90 

77 

68 


450 

1,452 

176 

131 

106 

91 

80 


500 

1,810 

204 

152 

123 

105 

93 

— 

600 

2,671 

_ 

221 

160 

136 

120 

100 

700 

3,750 

— 

— 

200 

170 

150 

124 

800 

5,110 



242 

207 

182 

151 


TABLE XXIV (Sect. 166). AREAS OF PIPE SURFACES 


SQ. FT. 

(steel PIPE UP TO 250 PSi) 


BORE 



PER FOOT LENGTH 
PARALLEL PIPE 


FLANGE (2 EDGES 2 SIDES) 


•221 

•278 

•352 

•500 

•622 


•331 

•327 

•386 

•488 

•655 



•785 

•916 

1-178 

1-440 


•760 

•931 

1-134 

1-638 


6-^ 

T 

8-^ 

r 


1-710 

1- 963 

2- 23 
2-49 


1-810 

2-169 

2-45 

2-98 


i(r 

12 ^ 

15^ 

18 -^ 

24 -^ 


2- 75 

3- 27 

4- 19 
4-98 
6-55 


3-17 

3-85 

4*94 

6-22 

9-38 


852 



TABLES XXV-XXVn 

table XXV (Sect. I68). LENGTH OF ASBESTOS ROPE 
NEEDED TO WRAP PIPES 


PIPE 

BORE 

LENGTH IN FEET PER FOOT OF PIPE 

V rope 

F rope 

V rope 

ly rope 

2'" ROPE 

r 

11 





r 

12 

10 




r 

14 

i 11 

10 




17 

14 

12 

10 


2 ^ 

20 

16 

14 

11 

10 

3 ^ 

27 

21 

17 

14 

12 

r 

34 

25 

20 

16 

14 

6-^ 

47 

34 

27 

20 

17 


TABLE XXVI (Sect. 170). APPROXIMATE EFFECT OF AIR 
MOVEMENT ON HEAT LOSS 


AIR VELOCITY 


RELATIVE 


IA V 

feet PER second 

MILES PER HOUR 

1 

St 

11 

1-5 

4 

3 

2 

8*5 

6 

2*5 

13 

9 

3 

18 

12 

3-5 

24 

16 

4 

30 

21 


TABLE XXVII (Sect. 172), RECOMMENDED 
VELOCITIES IN PIPES 


High vacuum vapour 
Moderate vacuum vapour 
Exhaust steam—^wei 
Dry saturated steam 
Superheated steam 


200 ~ 350 feet per 
150 - 200 
70 - 100 
100 - 130 
150 - 200 


second 


ff 


Water 


4-8 


853 







xxvm-xxcc 


THE EFFICIENT USE OF STEAM 


TABLE XXVIII (Sect. 173). APPROXIMATE RESISTANCE 

OF PIPE FITTINGS 


EQIEVALENT STRAIGHT LENGTH IN FEET 


PIPE 

BORE 

INCHES 

STANDARD 

ELBOW 

STANDARD 

BEND 

TEE 

OPEN VALVE 

EXPANSION 

LOOP 

BARREL 

BRANCH 

SLIDE 

ANGLE 

GLOBE 

1 

2 

•5 

•5 

2-25 

-5 

1*5 

3*25 

2*25 

u 

3 

1 

1 

3-5 

*75 

2*5 

5*5 

3-5 

2 

4 

1*25 

1*25 

5 

1 

3*5 

7*5 

5 

2 i 

5 

1*5 

1*5 

6-5 

1*25 

4*5 

10 

6*5 

3 

i 

6 

2 

2 

8*5 

1*5 

5*5 

12 

8*25 

4 

8 

3 

3 

12 

2*25 

8 

18 

12 

5 

10 

4 

4 

15 

3 

10 

23 

15 

6 

13 

5 

5 

19 

3-5 

13 

29 

19 

7 

15 

6 

6 

23 

4*25 

15 

34 

23 

8 

17 

7 

7 

27 

5 

18 

40 

27 

9 

19 

8 

8 

31 

6 

21 

46 

31 

10 

21 

9 

9 

35 

7 

24 

53 

35 

12 

25 

11 

11 

44 

8 

30 

66 

44 

15 

31 

14 

14 

57 

11 

34 

86 

57 


TABLE XXIX (Sect. 174). STEAM VELOCITIES IN PIPES 


PIPE 

SIZE 

PRESSURE 

VELOCITY—FEET PER SECOND WITH PRESSURE DROP/ 100 FT. OF .*— 

*25 PSI 

•5 PSI 

•75 PSI 

1*0 PSI 

1 • 5 PSI 

2 0 PSI 

3*0 PSI 

3' pipe 

20"^ vac. 

135 

180 

235 

270 

330 

395 

500 


Atmos. 

85 

120 

145 

170 

205 

250 

320 


25 psi.g. 

50 

75 

85 

105 

130 

150 

190 

99 J» 

100 „ 

30 

45 

55 

65 

75 

90 

115 

99 99 

400 „ 



30 

35 

40 

50 

60 

6^ pipe 

20' vac. 

220 

315 

400 

460 

550 

625 

750 

»» 99 

Atmos. 

145 

190 

240 

300 

350 

405 

500 

99 99 

25 psi.g. 

80 

115 

145 

170 

200 

240 

300 

»9 9) 

100 „ 

50 

70 

90 

105 

130 

150 

180 

99 99 

400 „ 

1 

30 

45 

55 

65 

75 

95 


854 



TABLES XXX-XXM 

table XXX (Sect. 19a). THERMAL EXPANSION OF PIPES 


TEMPERATURE 

RISE ®F. 

EXPANSION IN INCHES 

PER 100 FEET 

From 60 to 150 

1 

•75 

60 

200 

1-15 

60 

250 ! 

1*6 

60 

300 

20 

60 

350 

2-4 

60 

400 

2-9 

60 

450 

3-1 

60 

500 

3-8 

60 

600 

4-8 

60 

700 

5-8 

60 

800 

6-9 

60 

900 

80 


TABLE XXXI (Sect. 204). APPROXIMATE COST OF BUYING, 
ERECTING, LAGGING AND SHEETING 100 FT. OF 
STRAIGHT STEEL PIPING WITH WELDED 
JOINTS (1944) 


NOMINAL 

PIPE 

DIAMETER 

COST 

OF ERECTED 

PIPE 

LAGGING lY thick AND 
SHEETING 

TOTAL 

PIPE 

LABOUR 

MATERIAL 

LABOUR 

INCHES 

£ 

s. 

d, 1 

£ 

s. 

d. 

£ 

s. 

d. 

£ 

s. 

d. 

£ 

s. 

d. 

2 

5 

5 

0 

3 

11 

0 

10 

8 

0 

5 

2 

0 

24 

6 

0 

3 

9 

11 

0 

4 

9 

0 

12 

10 

0 

5 

19 

0 

32 

9 

0 

4 

12 

4 

0 

5 

6 

6 

14 

11 

0 

6 

16 

0 

38 

17 

6 

5 

16 

8 

9 

7 

2 

0 

16 

17 

6 

7 

13 

0 

48 

1 

3 

6 

20 

13 

6 

8 

17 

6 

17 

18 

0 

9 

0 

0 

56 

9 

0 

7 

23 

19 

3 

10 

13 

0 

20 

4 

0 

10 

15 

0 

65 

11 

3 

8 

27 

5 

0 

11 

11 

0 

22 

10 

0 

11 

18 

0 

73 

4 

0 

9 

33 

10 

0 

12 

8 

0 

23 

16 

0 


12 

0 

83 

6 

0 

10 

39 

15 

0 

14 

4 

0 

24 

12 

0 


6 

0 

93 

17 

0 
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XXXII-XXXV 


THE EFFICIENT USE OF STEAM 


TABLE XXXII (Sect. 206). PRESSURE EQUIVALENTS 


PSI 

INCH HO. 

FOOT HgO 

•4332 

-8819 

1 

•4912 

1 

1-134 

•8664 

1-7638 

2 

•9824 

2 

2-268 

1 

2-036 

2-309 

1-2996 j 

2-646 

3 

1-4736 

3 

3-402 

1*7328 

3-528 

4 

1-9648 

4 

4-536 

2 

4-072 

4-618 

21660 

4-4095 

5 

2-4560 

5 

5-670 

2-5992 

5-2914 

6 

2-9472 

6 

6-804 

3 

6-108 

6-927 

3-0324 

6-1733 

7 

3-4384 

7 

7-938 

3-4656 

7-0552 

8 

3-8988 

7-9371 

9 

3-9296 

8 

9-072 

4 

8-144 

9-236 

4-4208 

9 

10-206 

5 

10-180 

11-545 

6 

12-216 

13-854 

7 

14-252 

16-163 

8 

16-288 

18-472 

9 

18-324 

20-781 


TABLE XXXIII (Sect. 229). scale for mercury u-tube 

METER 


TABLE XXXIV (Sect»23o). factor k for orifices 


TABLE XXXV (Sect. 230). pipe sizes for metering steam 

BY orifice 
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TABLES 


XXXVI-XXXVIl 


TABLE XXXVI (Sect. 23a). UNRECOVERED STEAM 
PRESSURE DROP ACROSS ORIFICE 


ORIFICE RATIO 

d 

D 

LOSS OF PRESSURE DROP 

% 

12^ MERCURY 
METER PSI 

•2 

95 

5-6 

•25 

92 

5-4 

•3 

89 

5-2 

•35 

86 

5-1 

•4 

83 

4.9 

•45 

79 

4*6 

•5 

74 1 

4-4 

•55 ! 

69 ' 

4-1 

•6 

64 ! 

3-8 

•65 

58 

3-4 

•7 

52 

3-1 


TABLE XXXVII (Sect. 236). FLOW OF WATER IN 
LB. PER HOUR THROUGH AN ORIFICE 


HEAD 

h. 

ORinCB DIAMETER d. 

INCHI'S 

r 

r 

r 

r 

r 

V 

r 

ir 

ir 

ir 

2 ^ 

2V 

3" 

4 ^ 

3 

183 

411 

730 

1,141 

1,643 

2,236 

2.920 

4,563 

6,570 

8.943 

11,681 

18,251 



4 

211 

474 

843 

1,317 

1,897 

2,582 

3,372 

5,269 

7,587 

10,327 

13,488 

21,075 

30,348 


5 

236 

530 

942 

1,473 

2,121 

2,886 

3,770 

5.890 

8,482 

11,545 

15,080 

23,562 

33,929 

60,318 

6 

258 

581 

1,032 

1,613 

2,323 

3.161 

4,129 

6.452 

9,290 

12,645 

16,518 

25,806 

37.161 

66,064 

7 

279 

627 

1,115 

1,743 

2,509 

3,416 

4,461 

6,971 

10,038 

13,662 

17,845 

27,882 

40.150 

71.378 

8 

298 

671 

1,192 

1,863 

2,682 

3,651 

4,768 

7,450 

10,728 

14,602 

19,072 

29.800 

42.912 

76,288 

9 

316 

711 

1,265 

1,976 

2,845 

3,873 

5,058 

7,903 

11,380 

15,490 

20.232 

31,613 

45,522 

80,928 

10 

333 

750 

1,333 

2,082 

2,999 

4,082 

5,331 

8,330 

11,995 

16,327 

21,325 

33,320 

47,980 

85.298 

11 

350 

786 

1,398 

2,185 

3,146 

4,282 

5,592 

8,738 

12,583 

17,127 

22,370 

34,953 

50,332 

89,479 

12 

365 

821 

1,460 

2,281 

3,285 

4,472 

5,840 ! 

9,125 

13,141 

17,886 

23,361 

36,502 

52.563 

93.445 

13 

380 

855 

1,520 

2.375 

3,420 

4,655 

6,080 

9,500 

13,679 

18,619 

24,319 

37,998 

54,717 

97,275 

14 

394 

887 

1.577 

2,464 

3,549 

4,830 

6,309 

9,859 

14,195 

19.321 

25,236 

39,431 

56,781 

100,944 

15 

408 

918 

1,632 

2,551 

3,673 

4,999 

6,530 

10,203 

14,692 

20,000 

26,120 

40,812 

58.769 

104,478 

16 

422 

948 

1,686 

2,634 

3.794 

5,163 

6.744 

10,538 

15,174 

20,654 

26,976 

42,150 

60.696 

107,904 

17 

435 

978 

1,738 

2,715 

3.910 

5,322 

6,951 

10,862 

15,641 

21,289 

27,806 

43,446 

62.562 

111,222 

18 

447 

1.006 

1,788 

2,794 

4,024 

5,477 

7,154 

11,178 

16,096 

21,908 

28.615 

44.711 

64,383 

114,459 

19 

459 

1,033 

1,837 

2,871 

4,134 

5,627 

7,349 

11,483 

16,536 

22,507 

29,397 

45,933 

66,143 

117,588 

20 

471 

1,060 

1,885 

2.945 

4,241 

5.773 

7.540 

11,781 

16,965 

23,091 

30,159 

47,124 

67,858 

120,637 

21 

483 

1,087 

1,932 

3,018 

4,346 

5,916 

7,727 

12.073 

17,386 

23,664 

30,908 

48,293 

69,542 

123,631 

22 

494 

1,112 

1,977 

3,089 

4,448 

6,054 

7,907 

12,355 

17,792 

24,216 

31,629 

49.421 

71,166 

126,517 

23 

505 

1,137 

2,022 

3,159 

4,548 

6,191 

8,086 

12,634 

18,194 

24,764 ! 

32,344 

50.538 

72,775 

129,377 

24 

516 

1,162 

2,065 

3,226 

4,646 

6,324 

8,260 

12,906 

18,584 

25,295 1 

33,039 

51,623 

74.337 

132,155 

25 

527 

1,185 

2,108 

3,293 

4,742 

6.454 

8,430 

13,172 

18,968 

25,817 

33,720 

52,688 

75.870 

134,880 
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XXXVni-XL THE EFFICIENT USE OF STEAM 

TABLE XXXVIII (Sect. 237). WATER FLOW THROUGH 
V-NOTGH METER IN GALLONS PER HOUR 


LIQUID CREST 
HEIGHT 
INCHES 

NOTCH ANGLE “0 *’ 

10^ 

20° 

30° 

45' 

60' 

90° 


10 

20 

32 

49 

68 

117 

2 

58 

116 

176 

272 

378 

654 

4 

324 

649 

984 

1,517 

2,110 

3,645 

8 

1,806 

3,622 

5,490 

8,460 

11,770 

20,340 

16 

10,070 

20,210 

30,620 

47,210 

65,680 

113,500 


TABLE XXXIX (Sect. 240). APPROXIMATE OVERALL 
THERMAL EFFICIENCIES OF ENGINES AND TURBINES 

{Coal to Useful Power Produced) 


TYPE OF MACHINE EFFICIENCY 


Per cent. 

Back pressure turbine, efficient, 5,000 kW .. 73 

Back pressure engine, bad, 100 kW .... 30 

Condensing turbine, regenerative, 30,000 kW .. 29 

Average British grid selected stations* .... 23 

Condensing turbine, medium pressure, 5,000 kW 15 

Condensing engine, industrial, 1,000 H.P. .. 9 

Colliery winding engine, good 


Express locomotive 
Shunting locomotive 
Colliery winding engine, bad 
Non-expansive non-condensing pump ., 


* Exceptionally low due to inability to replace obsolete plant in war time. 


TABLE XL (Sect. 241). ENGINE STEAM CONSUMPTION DUE TO 
PUMPING AGAINST BACK PRESSURE 
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TABLES XLI-XUl 

TABLE XLI (Sect. 246 ). EFFECT OF SUPERHEAT ON STEAM 
CONSUMPTION OF SMALL RECIPROCATING ENGINE 


(Ripper) 


APPROX. 

SUPERHEAT 

°F. 

STEAM 

CONSUMPTION 

lb./h.p./hour 

RELATIVE 

EFFICIENCy 

IMPROVEMENT 

PER CENT 

1 

ADIABATIC 

HEAT 

DROP 

BTU 

RELATIVE 

RANKINE 

IMPROVEMENT 

PER CENT 

Sat. 

39*6 ‘ 


140 


100 

33*8 

15 

151 

8 

150 

29 

25 

159 

14 

200 

25 

36 

166 

19 

250 

23*4 

44 

171 

22 

300 

20*1 

49 

187 

1 

33 


TABLE XLII (Sect. 253). APPROXIMATE EFFICIENCY 
RATIOS OF SMALL ENGINES 



WITHOUT 

WITH 

TYPE OF ENGINE 

SUPERHEAT 

SUPERHEAT 

Simple non-condensing up to 50 l.H.P. 

43 

50 

Simple non-condensing up to 300 l.H.P. 

60 

70 

Simple condensing up to 50 l.H.P. 

41 

48 

Simple condensing up to 300 l.H.P. 

55 

65 

Compound condensing up to 50 l.H.P. 

55 

65 

Compound condensing up to 300 l.H.P. .. 

70 

75 


The figures given in Table XLII, in so far as they can be compared, are rather more 
optimistic than those in Table X. 
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TABLE XLIII (Sect. 294), CHARACTERISTICS OF STEAM TRAPS 


xun 


THE EFFICIENT USE OF STEAM 


SUITABLE 

FOR 

VARYING 

PRESSURE 

Yes 

5 

Yes 

Yes 

No 

No 

Yes 

Yes 

Yes 

Yes 

No 

[ 

SUITABLE 

FOR 

SUPER¬ 

HEATED 

STEAM 

Yes 

Yes 

S 

pH 

Vest 

Yes 

Yes 

No 

Yes 

Yes 

1 

1 

1 

CHECK 

VALVE 

BEFORE 

TRAP 

No 

No 

Yes 

Yes 

No 

No 

1 No 

1 No 

In trap 

No 

No 

DAMAGE 

FROST 

Yes 

Yes 

Yes 

Yes 

No 

j No 

1 

No 

Yes 

Yes 

1 

1 

i WILLUFT 
i CON¬ 
DENSATE 

Yes 

Yes 

Yes 

Yes 

Yes 


Yes 

Yes 

Yes 

No 

No 

i 

CONDENSATE 

1 DRAINED 

1 

Instantly 

! As formed 

As formed 

As formed 

i 

At pre-set 
, temperature 

At pre-set 

1 temperature 

After 

cooling 

As formed 

As formed 

1 

lA 

a 

Instantly 

1 

li 

Highly 

desirable 

Desirable 

Not 

essential 

Not 

essential 

Highly 1 
desirable 

; Highly 
desirable I 

Highly 

desirable 

Desirable 

Not 

essential 

1 

Unnecessary 

ill! 

No 

0 

Z 

Yes 

Yes 

Yes 


No 

1 

1 

1 

1 

DIS¬ 

CHARGE 

AIR 

No 

No 

' Yes 

1 

Yes 

1 Yes 

Yes 

0 

Z 

No 

No 

No 

TEMPERA 

li 

1 

Saturation 

Saturation 

Saturation 

Saturation 

1 

Pre-set 

temperature 

Pre-set 

temperature 

Below 

saturation 

1 

2 

9 

1 

Any 

temperature 
below steam 
temperature 

1 

b 

0 

cs 

Saturation at 
exit pressure 

CLOSING 

FORCE 

Float 

weight 

Float 

weight 

Buoyancy 

Buoyancy 

Metallic 

expansion 

Liquid 

expansion 

Differential 

1 pressure 

Outside 

source 

unlimited 

1 

Always open 

Always open 

OPENING 

FORCE 

Buoyancy 

Buoyancy 

Weight of 
bucket 

Weight of 
bucket 

Metallic 
contract* on 

Steam 

pressure 

Differential 

pressure 

Outside 

source 

unlimited 

1 

TYPE OF 
DISCHARGE 

Continuous 

Intermittent 

Intermittent 

Intermittent 

Semi- 

continuous 

Semi- 

1 continuous 

Semi- 

continuous 

Continuous 
if com¬ 
pensated 

Intermittent | 

1 

1 

Continuous 

Continuous 

a 

◄ 

e 

u 

C 

B 

? 


Plain float.. .. | 

i 

Trip float .. 

Open bucket 

.. i 

Inverted bucket .. 

MetaUic expansion 

Liquid expansion.. 

Balanced pressure 
expansion. 

Relay—afloat, 
bucket, bottle. 

Pumping or lifting 

Barometric leg^ .. 

* 

JS 

1 
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not strictly tiaps ; they are piping systems which replace traps—see Chapter 9. 
sealing the trap may, in exceptional cases, be evaporated—see S^on 2S4. 



TABLES XUV-XLVl 

table XLIV (Sect. 31a). SUCTION HEAD FOR PUMPING 

HOT WATER 


(We^r) 


TEMPERATURE OF 

SUCTION LIFT 

PRESSURE HEAD 

WATER °F. 

FEET 

FEET 

130 

' 10 ' 


150 

7 


170 

2 



175 


Level 


190 

200 

210 


5 

10 

15 


212 


17 


FABLE XLV (Sect.329). heat iransi-er with various 

RESISTANT FILMS 


TABLE XLVI (Sect. 331). PUBLISHED OVERALL HEAT 

TRANSFER RATES 


PLANT 

CONDIIIONS 

BTU/SQ. FT./H0UR/°F. DITP. 

Condenser 

Water flowing at 1 ft./sec. 

150 to 400 

Condenser 

Water flowing at 2 ft./sec. 

200 to 550 

Condenser 

Water flowing at 4 ft./sec. 

250 to 750 

Boiler 

Gas to water. 

2 to 8 

Economiser 

Gas to water 

1 to 5 

Superheaters 

Gas to steam. 

2 to 6 

Tank coils 

Temp, difference 50"' F. 

100 to 225 

rank coils 

Temp, difference 100° F. 

175 to 300 

Tank coils 

Temp, difference 200° F. 

225 to 475 

Air heater 

Convection only 

2 

Air healer 

Air velocity 1 ft./sec. 1 "I 

3 

Air heater 

Air velocity 5 ft./sec. >Temp. diff. 100° F. > 

5 

Air heater 

Air velocity 10 ft./sec, J J 

8 
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XLVII-XLVIII 


THE EFFICIENT USE OF STEAM 


TABLE XLVII (Sect. 331). REASONABLE PRACTICAL HEAT 

TRANSFER RATES 


OPERATION (on WATER OR DILUTE LIQUORS) 


BTU/SQ. FT./H0UR/®F. DIFF. 


Calorifiers and condensers with low velocity liquid 150 

Calorificrs and condensers with high velocity liquid .. 300 

Tank coils, low pressure with natural circulation 100 

Tank coils, high pressure and natural circulation .. 200 

Tank coils, low pressure with assisted circulation .. 200 

Tank coils, high pressure with assisted circulation .. 300 

Natural circulation evaporators with low pressure steam 300 

Natural circulation evaporators with high pressure steam 500 

Assisted circulation evaporators .. 750 

Space heating by water—convection only .... 1*5 

Space heating by steam—convection only .... 2 

Space heating by steam—10 ft./sec. air velocity .. 8 


TABLE XLVTII (Sect. 334). EFFECT OF WATER VELOCrFV 
ON HEAT TRANSFER RATE 


(Turbulent Flow) 


RELATIVE HEAT TRANSFER 

LIQUID VELOCIIY RATE 


1 

2 

3 

4 

5 


100 

174 

241 

303 

362 


6 

7 

8 
9 

10 


419 

474 

527 

580 

630 
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TABI-ES 


XUX 


TABLE XLIX (Sect. 345). FEET LENGTH PER SQUARE FOOT 
OF SURFACE OF TUBES OF SMALL DIAMETER 
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L-un 


THE EFFICIENT USE OF STEAM 


TABLE L (Sect. 345). SQUARE FEET OF SURFACE PER FOOT 
OF LENGTH OF TUBES OF LARGE DIAMETER 


DIA¬ 

METER 

1 .(y 

1 

1 

•r 

• 2 " 

•3" 

*4" 

*5" 

* 6 " 

*7" 

• 8 " 

*9" 

3-0" 

! -787 

•811 

•838 

•864 

*890 

•916 

*942 

•969 

*995 

1*021 

4-0" 

1 1*047 

1*073 

1-100 

M26 

1*152 

1*178 

1*204 

1*230 

1*257 

1*283 

S-0'' 

‘ 1*309 

1*335 

1*361 

1*388 

1*414 

1*440 

1*466 

1*492 

1*518 

1*545 

6 - 0 " 

1 1*570 

1*597 

1-623 

1-649 

1*676 

1*702 

1*728 

1*754 

1*780 

1-806 

7-0" 

1 1*833 

1*859 

1*885 

1*911 

1*937 

1*963 

1*990 

2*016 

2*042 

2*068 

80^ 

' 2*09 

2*12 1 

2*15 

2*17 

2*20 

2*23 

2*25 

2*28 

2*30 

2*33 

90" 

1 2*36 

2*38 

2*41 

2*43 

2*46 

2*49 

2*51 

2*54 

2*57 

2*59 

10 - 0 " 

1 2*62 

2*64 

2*67 

2*70 

2*72 

2*75 

2*78 

2*80 

2*83 

2*85 

11 - 0 " 

1 2*88 

i 

2*91 

2*93 

2*96 

2*98 

3*01 

3*04 

3*06 

3*09 

3*12 

12 * 0 " 

3*14 

3*17 

3*19 

3*22 

3*25 

3*27 

3*30 

3*32 

3*35 

3*38 

13-0" I 

3*40 

3*43 

3*46 

3*48 

3*51 

3*53 

3*56 

3*59 

3*61 

3*64 

14*0" 

3*67 

3*69 

3*72 

3*74 

3*77 

3*80 

3*82 

3*85 

3*87 

3*90 

15-0" 

3*93 

3*95 

3*98 

4*01 

4*03 

4*06 

4*08 

4*11 

4*14 

4*16 

160^ 

4*19 

4*21 

4*24 

4*27 

4*29 

4*32 

4*35 

4*37 

4*40 

4*42 

170" 

4.45 

4*48 

4*50 

4*53 

4*56 

4*58 

4-61 

4*63 

4*66 

4*69 

18*0" 

4*71 

4*74 

4*76 

4*79 

4*82 

4*84 

4*87 

4*90 

4*92 

4*95 

19 0" 

4*97 

5*00 

5*03 

5*05 

5*08 

5*11 

5*13 

5*16 

5*18 

5*21 

20 - 0 " 

5*24 

5*26 

5*29 

5*31 

5*34 

5*37 

5*39 

5*42 

5*45 

5*47 

21 0 " 

5*50 

5*52 

5*55 

5*58 

5*60 

5*63 

5*65 

5*68 

5*71 

5*73 

22 0 " 

5*76 

5*79 

5*81 

5*84 

5*86 

5*89 

5*92 

5*94 

5*97 

6*00 

23 0" 

602 

6*05 

6*07 

6*10 

6*13 

6*15 

6*18 

6*20 

6*23 

6*26 

24-0" 

6*28 

6*31 

6*34 

6*36 

6*39 

6*41 

6*44 

6*47 

6*49 

6*52 


TABLE LI (Sect. 352). surface/volume ratios of some pans 

AND EVAPORATORS 


TABLE LII (Sect. 355 ). VACUA and boiling points of 
60 PER CENT, sugar SOLUTIONS 


TABLE LIII (Sect. 371). HEAT TRANSFER RATE IN 
QUADRUPLE EFFECT EVAPORATORS ON 
SUGAR CANE JUICE 
(Kerr) 



HEAT TRANSFER RATE 

BTU/SQ. FT./hour/of. DIFF. 

1st effect 

2nd effect 

3rd effect 

4th effect I 

OVERALL 

Standard 

205 

280 

240 

40 

191 

Horizontal .. 

290 

237 

130 

76 

183 

LilUe 

427 

427 

395 

158 

351 

Kestner 

310 

325 

295 

155 

277 


864 



TABLES 


UV-LVn 


TABLE LIV (Sect. 392). HIGH V. low pressure heating 

STEAM-CONSTANT QUANTITY 


TABLE LV (Sect. 392). HIGH V. low pressure heating 

STEAM-CONSTANT HEATING 


TABLE LVI (Sect. 393). PERMISSIBLE WEIGHT OF FLASH 
STEAM FROM WATER SURFACE 
(Ruths) 


PRESSURE ON WATER SURFACE 

LB. FLASH STEAM/HOUr/SQ. FT. 

WATER SURFACE 

Atmos. 

44 

5 psi.g. 

59 

10 .. 

74 

20 „ 

104 

30 .. 

134 

40 „ 

164 

50 „ 

194 

100 „ 

344 

150 „ 

494 

200 „ 

644 


TABLE LVII (Sect. 393). STEAM VELOCITIES EXERTING 
FORCES ON WATER DROPS EQUAL TO THEIR WEIGHTS 

(Hausbrand) 


STEAM VELOCITY IN FT./SEC. ON DROPS OF DIAMETER I— 


STEAM 


PRESSURE 

•005-in. 

*01 -IN. 

• 02-in. 

•05-in. 

• 1-IN. 

•15-in. 

•2-in. 

•25-in. 

25‘in. vac. 

131 

22*6 

320 

50*6 

72*1 

88*2 

101*3 

110-5 

20-in. „ 

9*6 

16*6 

23*5 

37*2 

52*9 

64*8 

74*4 

81*2 

15-in. „ 

7*9 

13*6 

19*3 

30*5 

43*7 

53*2 

61*1 

66*6 

10-in. „ 

6*9 

11*9 

16*9 

26*8 

38*1 

46*6 

53*5 

58*4 

5-in. „ 

6-2 

10*7 

15*2 

24*0 

34*2 

41*9 

48*1 

52*5 

Atmos. 

5-7 

9*8 

13*9 

22*0 

31*3 

38*3 

44*0 

48*a 

10 psi.g. 

3*5 

6*0 

8*6 

13*5 

19*2 

23*5 

27*0 

29*5 

20 „ 

2-6 

4*4 

6*2 

9*8 

14*0 

17*1 

19*6 

21*4 

30 „ 

20 

3*5 

4.9 

7*8 

11*1 

13*6 

15*6 

17-(> 

40 „ 

1*7 

2*9 

4*1 

6*4 

9*1 

11*1 

12*8 

14*0 

50 

1-4 

2*4 

3*5 

5*5 

7*8 

9*6 

11-0 

12*0 
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tviu-ux 


THE EFFICIENT USE OF STEAM 


TABLE LVIII (Sect.404). TEMPERATURE OF STEAM 
ADULTERATED WITH AIR 


STEAM 


TEMPERATURES ‘f OF SATURATED STEAM MDCED WITH AIR OF PER CENT. 

BY VOLiniE 


rKUSSUKIi 

0% 

5 % 

10 % 

20 % 

30% 

40% 

50% 

60% 

70% 

80% 

90% 

25-in. vac. 

134 

132 

130 

125 

120 

115 

109 

101 

92 

79 

59 

20-in. „ 

161 

159 

157 

152 

147 

141 

134 

125 

115 

101 

79 

15-in. „ 

179 

177 

174 

169 

163 

157 

150 

141 

130 

115 

92 

10 -in. „ 

192 

190 

187 

182 

176 

169 

161 

152 

141 

125 

101 

5-in. „ 

203 

201 

198 

192 

186 

179 

171 

161 

150 

134 

109 

Atmos. 

212 

209 

207 

201 

195 

187 

179 

169 

157 

141 

115 

10 psi.g. 

239 

237 

234 

227 

220 

212 

203 

193 

179 

162 

134 

20 

259 

256 

253 

246 

239 

230 

221 

209 

195 

177 

147 

30 „ 

274 

271 

268 

261 

253 

244 

234 

222 

207 

188 

158 

40 „ 

287 

283 

280 

273 

264 

255 

245 

233 

218 

198 

166 

50 .. 

298 

294 

291 

! 283 

275 

265 

255 

242 

226 

206 

173 

60 

307 

304 

300 

293 

284 

274 

263 

250 

234 

213 

180 

70 „ 

316 

313 

309 

300 

292 

282 

271 

257 

241 

219 

186 

80 „ 

; 324 

320 

316 

308 

299 

289 

278 

264 

247 

225 

191 

90 „ 

* 331 

328 

324 

315 

306 

296 

284 

270 

253 

231 

195 

100 

338 

334 

330 

322 

312 

302 

290 

276 

258 

235 

200 


TABLE LIX (Sect. 414). POUNDS OF JET CONDENSER 
WATER NEEDED FOR DIFFERENT VACUA AND 
FOR DIFFERENT AIR PERCENTAGES AND 
TEMPERATURE DIFFERENCES 


LB. WATER AT 60* P. PER LB. VAPOUR 


PER CENT. 
AIR BY 
VOLUME 

0 PER CENT. 

1 

10 PER CENT. j 

20 PER CE^^'. 

30 PER CENT. 

TEMP. 

DIFF. 

0* F. 

5"f. 

10“ F. 

0* F, 

5*f. 

1 

10* F. 

0“P. 

5* F. 

1 

10* F. 

0*F. 

5* F. 

10“ F. 

VACUUM 

Atmos. 

6 4 

6-6 

6-8 

6 6 

70 

1 

7-2 

1 

6-9 1 

7-2 

7-5 

7*3 

7*6 

7*9 

5-m. 

6-8 

! 7-1 

7-4 

7-1 

7-4 

7-7 ' 

7-5 ‘ 

7-8 

8-1 

8*2 

8-6 

9-0 

10-in. 

7-5 


8-1 

7-8 

8-1 

8-5 1 

8-1 

8-5 

8-9 

8-6 

9-0 

9*5 

!5-in. 

8-3 

1 8-7 

9-2 

8-7 

9-2 

9-7 

9-1 

9-6 

10-2 

9*7 

10-3 

10*9 

20-in. 

9-9 1 

1 10-5 

11-1 

10-4 

11-0 

11*7 

11-0 

11-6 

12*4 

11-8 

12*5 

13-4 

21-in. 

10-6 

11-2 

11-9 

10-8 

11-5 

12-3 

11-5 

12-2 

13*1 

12*4 

13-2 

14-2 

22.in. 

11-0 

11-6 

12-4 

11-5 

12-2 

13-1 

12-2 

13-1 

14*0 

13*0 

14*0 

15-1 

23-in. 

11-6 

12-4 

13-3 

12-4 

13-2 

14-2 

13-0 

14-0 

15*1 

14*0 

15*1 

16-3 

24-in. 

12-5 

13 4 

14-3 

13-2 

14-2 

15-3 

14-2 

15-3 

16-6 

15-3 

16*6 

18-1 

25-in. 

13-8 

14-8 

16-1 

14-6 

15*8 

17-2 

15-7 

171 

18*8 

17-1 

18-8 

20-7 

26.in. 

15-7 

17-1 

18-8 

16-8 

18-4 

20*3 

18-0 

19-9 

22*1 

19*4 

21-6 

24-2 

27-in. 

18-7 

20-7 

23-1 

20-2 

22-5 

25-4 

22-0 

24-7 

28*2 

24-1 

27*4 

31-7 

28-in. 

25-3 

28-9 

33-8 

27-3 

31-6 

37-4 

30-6 

36-0 

43*8 

36*0 

43-7 

55-4 

28S-in. 

32-6 

38-8 

47-8 

37-3 

45-6 

58-6 

41-8 

52-5 

70*3 

52*4 

70*2 

105-8 

29-in. 

55*2 

75*3 

117-6 

65-7 

960 

176-8 

87-8 

151-1 

531*5 

131*9 

353*2 

— 
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TABLE LX (Sect. 443). CAPACITY OF CYLINDRICAL TANKS OF VARIOUS DIAMETERS 

Gallons per Foot of Length 


TABLES 


s 

^r-CM 

»-i0NV0OC0 

coo VOO 

^or^cM 

wo 


1 

Tf 1 ^ 1-4 WO 00 
1 —< rf 1 —f 

PSSS 

1-1 CM CO CO 

»-4 cb 4^ VO 
0000 ^ ^ 
^ wo VO 00 

r^ONONQ 

r- wo ^ 

wo On *-4 





VI-H 

4-1 4-4 ^CM*^ 

.s 

On^ On 

CO CM 00 CO 

wo-'ii'CMi^ 




6 

CO VO ON tT 

4 CO H 

VO 00 Q ^ 
VOCMOOO 
—1 CM CO CO 

cb «r» ^ 

5 K $S 

vb VO VO VO 
CO r*» CM 00 

On p CM CO 

VO wo rf CO 
wo CO CM CM 

wo ON 4-» 





^ ^ 

4-4 4-^ -4 cm" 

d 

CM 

WO 00 0 On 

On 0 t*** 

On 00 wo 

O-^TtcM 

ON 


1 

ON 

CM rf C^ 00 0 

1-4 CO VO 1 -^ 

1-4 CM CO *4^ 
VO CM ON 

4—1 CM CM CO 

wo wo wo wo 
VO VO r- On 
T t-wovor-^ 

ON p CM CO 

4-4 0 00 VO 
rt- CM p 0 

wo r-; On -H 






4-1 —4 4-4 CM 

^d 

-'i- 

ON ON 

—4 wo w-j 

1-4 Tt WO WO 

4-4 VO ON ON 

r- 


*T 

00 

CM CO Tf »b VO 
4—1 CO 0 0 

wo 4—1 00 NO 
4-4 CM CM CO 

vb«b'^ 

wo wo VO c» 
wo VO 

cbcM^r ON 
4-4 wo 0 wo 
ON 0 CM CO 

wo C'l ON 

CM 0 ON 00 

WO r^^oo 0 





,-4 .-41-4 


d 

wo 

VO VO wo CM 

VO CM VO 00 00 

«COOCOT|* 

CO 0 ^ VO 

VO 



1-4 fM CM CM CM 
•—4 CO NO 0 

1-H 

CMCM*^Q 
WO —4 00 
^CMCMCO 

iobvb'^ 

'4± ^ wo r-- 
^ wo VO 

CM Qoo wo 
p 5 00 -'ll* 
ON 

CO On VO CO 

4-4 00 r- ^ 

wo NO 00 0 





—r 

^ 4-r CM*' 

^d 

CM 00 CO VO 

CNO woOnO 

or^cMwo 

wo 4;J*0^ 

VO 


1 

VO 

4 —4 0 0 On ^ 

1-4 CO w^ ON 

cb'oiocb 

'^Or^wo 

^ CM CM CO 

^ONt^-Ni 
^ CO ^ VO 

^ wo 'O 

On wo CM 
On CM CO 

00 O^-^co 

OOTfO VO 

On m 5 wo 

Tj^vo 00 0 





^ ^ 

cm" 


.a 

^ ^ ^ r<0 

00 00 wo 

WO*^^VO 

00 00 VO ^ 

VO 



On oc C'' wo 

cb ^ON VO 

cb 0 

coco CO wo 
’^wovor-' 

0 CO 00 

1,484 

1,659 

^ On 

wo 

CM wo On 

•^OvoOn 

4-1 CM CM CO 

00 4-4 VO 4-4 
00 © 4-4 CO 

So^ 

^"cm" 


.a 


VO 

CO 

Tf cTs m «n VO 

*0 VO VO ro 00 

’ CO vb 

<N ov 




Ov VO rn Ov 
ro Ov VO CO 
1-1 CO 


VO CS OO 

CM <N 

Tj- «0 VO 1^ 


On WO O *0 
VO O wo O 
00 O i—• m 


O Ti" ov CO 
«N CNl 
TfVO OO^O^ 

r<s 


CO 


oo 

•O 

VO 

CO VO VO CO 


00 1-^ O VO O CS 1—• On’N t' 


oo ^ 1 —'l*^CO 

<N wo oo CO ON wo CO 
i-H 1—• <N CO 


oo ^ <yN Tf 
^ ^ ^ ro 

wovo r- 


oorooocs 

- 1 CO ON 

1 CM 


> On c 
) ON 1 - 


'OONCOVp 

wo CM Q 
Tt vooo O 
^ c^r 


2-in. 

•1359 

6-659 

22-97 

49-06 

84-93 

130-6 

186-0 

251-3 

326-3 

4^r^ocM 
4^ «b 0 -"b 

^ ^ VO 

848-1 

981-8 

,125 

,279 

CM wo r** p 
^ p?* p 





4 - 44-4 


.d 

*T 

•0340 

5-741 

21-23 

46-51 

81-57 

126-4 

181-0 

245-5 

319-6 

403-6 

497-4 

600-9 

714-3 

837-4 

970-3 

4 II 3 

,265 

00 p CM CO 

CM p 00 r*. 





4 - 4 ^ 

4 —4 4 —4 tP-T 


CM 

ON C" CO 00 

oowoOcM 

CO 4-1 

CO CM 0 wo 

00 


0 

1 ^ On ^ 00 

4—4 4T 

CM VO On CO 
CM CO 4—4 
4-4 4-4 CM CO 

CO-Nl-wo VO 

vbcb ^cM 
CM wo 0 wo 
00 On 4-^ CM 

1,414 

1,585 

1,766 

1,957 


j O •-< CM CO Tf 


NVOr^OO OnO^CM CO'^WOVO t^ooovo 
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THB EFFICIENT USE OF STEAM 


TABLE LXI (Sect. 443). LIQUID SURFACE AND CONTENTS 
OF HORIZONTAL CYLINDRICAL TANKS 


PER CENT. DEPTH 

CONTENTS PER CENT. 
OF VOLUME 

SURFACE PER CENT. 
OF CROSS SECTION 

5 

1-87 

43-7 

10 

5*20 

59-9 

15 

9*41 

71-2 

20 

14-23 

80-0 

25 

19-55 

86*7 

30 

25-23 

91*6 

35 

31-19 

95-4 

40 

37-36 

98-1 

45 

43-64 

99-6 

50 

50-00 

100-0 

55 

56-36 

99*6 

60 

62-64 

98-1 

65 

68-81 

95-4 

70 

74-77 

91-6 

75 

80-45 

86-7 

80 

85-77 

80-0 

85 

90-59 

71-2 

90 

94-80 

59-9 

95 

98-13 

43-7 

100 

100-00 

0 
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TABLES 


LXIA 


TABLE LXIa (Scct.464). TEMPERATURE LOSS IN * F. FROM 
10,000 GALLONS WATER IN CYLINDRICAL TANK 13 ft. DIA. 
& 12 ft. 6 in. HIGH, COVERED AND HEAVILY LAGGED 


ITME OF 

COOLING 

TEMPERATURE DROP OF WATER FROM 210® F. 

HOURS 

DAYS 

AIR AT 70® F. 

Am AT 50* F. 

6 


1-7 

1*9 

12 


3-3 

3*8 

18 


4.9 

5*6 

24 

1 

6*5 

7*5 

30 


8*1 

9*3 

36 


9*7 

11*0 

42 


11*2 

12*8 

48 

2 

12-7 

14*5 

54 


14*2 

16*2 

60 


15-7 

17*7 

66 


17*1 

19*6 

72 

3 

18-5 

21*7 

78 

1 

19-9 

22*8 

84 


21*3 

24*4 

90 


22*7 

26*0 

96 

4 

24*1 

27*5 

102 


25*4 

29*0 

108 


26*7 

30*3 

114 


28*0 

32*0 

120 

5 

29*3 

33*5 

126 


30*6 

35*0 

132 


31*9 

36*5 

138 


33*1 

37*8 

144 

6 

34*3 

39*3 

150 


35*5 

40*6 

156 


36*7 

42*0 

162 


37*9 

43*3 

168 

7 

39*1 

44*6 

174 


40*2 

46*0 

180 


41*4 

47*3 

186 


42*5 

48*6 

192 

8 

43*6 

49*9 
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THE EFFICIENT USE OF STEAM 


TABLE LXII (Sect. 563 ). PROBABLE HEAT CONTENTS 

OF FUELS 


I 


FUEL 

HEAT CONTENT BTU 

SECONDARY 

(technical) 

PRIMARY 

Anthracite. 

15.000 per lb. 

15,000 per lb. 

Hard steam coal .. . 

14,000 „ 

14,000 „ 

Good bituminous coal . 

13,000 

13,000 „ 

Average bituminous coal. 

12,000 „ 

12,000 „ 

Poor bitiuninous coal 

11,000 „ 

11,000 „ 

Gas works coke 

12,500 „ 

16,275 „ 

Coke oven coke . 

12,500 „ 

15,650 „ 

Wood. 

5,500 „ 

5,500 

Petrol. 

20,000 „ 

? 30,000 „ 

Fuel oil 

19,000 „ 

? 20,000 „ 

Coal tar oil. 

16,500 „ 

? 16,500 „ 

Creosote pitch . 

16,500 „ 

? 16,500 „ 

Coke oven gas . 

550 per cu. ft. 

690* per cu. ft. 

Town gas . 

500 

650* 

Water gas. 

290 

? 

Producer gas—^hot. 

160 

180 

•, —rold. 

130 

180 

Blast furnace gas— cold . 

100 

100 

Electricity—Best condensing station 

3,415 per kWh 

10,600t per kWh 

„ —Grid average. 

3,415 „ 

19,320t „ 

„ —Grid peaks . 

3,415 „ 

30,000t 

„ —^Back pressure—large good .. 

3,415 „ 

5,070 

„ — „ „ —small good .. 

3,415 „ 

9,600 

„ — „ „ —small bad 

1 3,415 

12,000 


*t No distribution loss has been allowed for. 

♦ The gas figures should be increased by about 2 per cent, to cover distribution loss, 
t These figures should be increased by 10 to 15 per cent, to cover distribution losses. 
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TABLES 


LXnX-LXVl 


table LXIII (Sect. 571 ). COST TO OWNER AND TO NATION 
OF HEATING A ROOM 


TABLE LXIV (Sect. 571). HEATING A FURNACE 


TABLE LXV (Sect. 573 ). “BOGEY” BOILER EFFICIENCIES 

PER CENT. 


Crane boilers. 50 

Shunting loco boilers .. 60 

Vertical cross tube boilers—small 70 

» » „ —large 78 

Lancashire boilers .... 75 

Economic boilers ... 78 

Watertube boilers—small .. 78 

„ „ —large .. 84 

„ „ —very large 90 

Sectional boilers—small .. 70 

„ „ —large .. 75 


TABLE LXVI (Sect. 574). PROBABLE BOILER EFFICIENCIES 


LANCASHIRE ECONOMIC WATERTUBE 


No instruments, dirty, brickwork leaking badly, 
dampers jammed .. .. (A) 40 45 50 

Few instruments, clean, brickwork leaking, 

dampers inaccessible.(A) 50 55 60 

No instruments, clean, brickwork fair, dampers 

accessible . (B) 60 65 68 

Good instruments, all working, tight brickwork, 
dampers operated from firing floor ..(B) 65 70 73 

Deduct 5 if working dav work only 

(A) Add 5 for economiser 

(B) Add 8 for economiser 
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I-XVn-^LXVIII THE EFFICIENT USE OF STEAM 

TABLE LXVII (Sect.586). APPROXIMATE HEAT REQUIRE¬ 
MENTS FOR BRITISH WINTER VENTILATION 

Ultra-lavish ventilation 
Lavish ventilation 
Good ventilation 
Moderate ventilation 
Slight ventilation 


4 Btu/cu. ft./hour 

3 » »» ff 

2 f9 $f 

1 >* 99 99 

* 5 f* tt 


TABLE LXVIII (Sect. 587). APPROXIMATE BRITISH WINTER 
HEAT LOSS FROM BUILDINGS 

BTU/SQ. FT./HOUR 

WALLS ROOFS 


Single glass.28 

Double glass.IS 

Plain brick. 4^in.18 

>t » 4i-in. + fibreboard -b air space .. 8 

>• 9-m.14 

„ 14.m.11 

ft f. 1 S'ln. .« .. .. .. 10 

„ 23-in.8 

For plastered walls . .deduct 1 

Plastered brick cavity walls, 11-m. 9 

99 99 91 9t 16-in. 8 

99 99 99 99 20*10. . . 7 

Stone, 12-in.15 

„ 18-in.12 

24-in.10 

Concrete, 4-in. IS 

„ 4-in. -b fibreboard + air space .. 8 

„ 6-in. 16 

8-in. 14 

10-in.12 


Corrugated iron .34 

„ „ 4- fibreboard + air space .. 9 

„ asbestos.32 

„ „ -h fibreboard + air space .. 9 

„ „ on wood tongued and grooved 12 

Plain asbestos .25 

„ „ + fibreboard -f- air space .. 8 

Wood tongued and grooved, li-in. 12 


36 

20 


Tiles on battens .. .. 45 

„ „ boards .30 

.. .. and felt.11 


Asphalte on 6-in. hollow tiles .15 

M *, » » + 1-in. cork .. 6 


6-in. + Asphalte .17 

„ „ -f 1-in. cork .. .. .. 6 

„ „ 4- fibreboard shuttering .. 11 

.. .. 4- air space .. 8 


.. 45 

.. 10 
.. 42 

.. 10 


4- felt.11 


FLOORS 

Ventilated wood—bare boards.10 

„ „ —boards 4- lino or rubber.9 

Concrete—bare or granolithic or tiled.6 

„ 4- wood block.5 
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TABLES LXIX-LXXII 

table LXIX (Sect. 589). BOGEY SOCIAL WATER HEATING 


Washing 

5-in. bath . 

Total immersion bath 
Shower 

Basin. 

Canteen 

Up to 100 persons 
(i gall, at 160® F., * gall, at 180® F.) 
100 to 500 persons 
(J gall, at 160® F., i gall, at 180® F.) 
500 to 1,000 persons 
(J gall, at 160® F., i gall, at 180® F.) 


12,000 Btu/use 
20,000 „ „ 
11,000 „ „ 
1,200 ,, ,, 


1,200 Btu/person 


800 

600 


99 

99 


TABLE LXX ^Scct.590). SOME PHYSICAL CONSTANTS 



X^iCINl rtUAl 01U/JU0. 

njDAJL 

FUSION 

VAPORISATION 

btu/lb./® f. 

Water . 

144 

971 

10 

Copper. 

75 

— 

•1 

Iron . 

45 

— 

•15 

Lead . 

9'5 

— 

•03 

Ammonia. 


540 

•5 

Carbon dioxide .. 

— 

100 

•25 

Hydrogen. 

— 

— 

3-3 

Bottle glass . 

— 

— 

•15 

Many organic solids . 

30 

— 

•25 

Many organic liquids. 

— 

125 j 

•5 

Most ordinary gases . 

— 

— 

•25 

Most textiles 

— 

— 

•35 

Most other dry substances 



•25 


TABLE LXXI (Sect. 683). correlation sionificance 


TABLE LXXII (Sect 686). ERROR RATIO 
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I-XXin THE EFFICIENT USE OF STEAM 

TABLE LXXIII (Sect. 702 ). 8-POLE SQUIRREL CAGE 
MOTORS ON IDENTICAL LOADS 
(440 V. 50 CYCLES) 

HEAVY LINE INDICATES FULL LOAD 


TRUB KILOWATTS. 


LOAD 

3 H.P. 

5 H.P. 

7^5 H.P. } 12-5 H.P. 

18 H.P. 

20 H.P. 

25 H.P. 

STAR 

DELTA 

STAR 

DELTA 

STAR 

DELTA 

STAR 

DELTA 

STAR 

DELTA 

STAR 

1 

DELTA 

STAR 

DELTA 

Motor alone .. 

•008 

•80 

•09 

1-83 

•24 

2-46 j -22 

2-38 

•66 

4.99 

•91 1 

5-21 

1-32 

6-53 




1-88 

2-91 

1-78 

3-57 2-27 

3-52 

2-26 

603 



m 

m 

M+G-f 1 H.P. 

— 

3-35 

— 

3-41 

3*22 

4*26 300 

4-32 

3-20 

6-32 



HR 


M+G+2 H.P. 


4-84 

— 

4-28 

4*92 

4-80 411 

4*85 

3-60 

6‘83 

4-40| 

719 

411 

7-86 

M4-G-f3 H.P. 

— 

7*29 

— 

5-28 

— j 

5 42 16-36 

5-28 

4-87 

7-78 

5-11 1 7-73 

4.99 

8-25 

M-t-G+4H.P. 

— ' 


~ 1 

7*92 j 

— 

7-61 — 

7-31 

7-22 

9-38 

8-20 1 8-79 

7-31 

9-71 

M-fGH-5H.P. 





— 

11*93 — 

9-79 

_ 

12-33 

— |n-7i 

11-41 

11-72 

M+G + 6 H.P. 

_ 




— 

20-20 1 — 

13-43 

— i 

14-36 

-- 1516 

— 

14-80 




POWER FACTOR 




Motor alone.. 

•02 

•38 

•15 

1 -50 



m 

•52 

•36 

•58 

•401 

•58 

•48 

1 -60 

Motor f 

Generator 

•56 

•60 

•65 

•66 




•66 

•66 

•66 

1 

•70, 

•66 

1 

•65 

•65 

M-f-G+1 H.P. 

— 

•71 

— 

*69 

•731 

•70 

•73 i 

•71 

•725 

•67 

•751 

•68 

■71 

j -66 

M-fG+2H.P. 

— 

•74 

- , -’3 

■a 

•73 

•75 

•75 

m 

BB 


•70 

•75 

•68 

M-1-G-H3 H.P. 

— 

•76 

— 1 -77 

— 

•75 

•76 

•77 

•78 

KB 

•79 

•73 

•78 

1 -69 

M+G-f4H.P. 

— 


— 

•80 

i 

•80 

-- 1 

•80 

•79 

•77 

•81 

•76 

•80 1 

1 -75 

M+G+5 H.P. 





m 



•83 

— 

•81 1 

— 

! 

•81 

•77 

M+G-f6H.P. 

1 



j 

B 

1 

— i 

•84 


•82 

— 

*83 

— 

1 -81 




MOTOR SPEED 




Motor alone.. 

735 

1 745 

745 

745 

745 

745 1 745 ! 

745 

740 

740 

745 

745 

745 

745 






1 

735 

740 

735 

745 

740 

740 

740 

740 

740 

745 

M+G + 1 H.P. 

— 

715 

— 

735 

720 

740 

730 


735 

740 

735 

740 

740 1 

745 

M4-G+2 H.P. 

— 

700 

— 

725 

660 

735 

720 

740 

725 

740 

735 

740 



M+G-f3H.P. 

— 

650 

— 

720 

— 

730 

700 



735 

730 

740 i 

735 

740 

M+G+4 H.P. 



— 

710 

— 

725 

— 

B 

m 

735 

710 

735 

720 

740 

M+G+5H.P. 





— 

710 

— 

730 

— 

735 

— 

735 

700 

740 

M+G4-6 H.P. 





— 

665 

— 

725 

— 

735 

— 

735 

i 

740 
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TABLES LXXlV-LXXVn 

TABLE LXXIV (8*01.725). APPROXIMATE DEW POINTS 

OF FLUE GASES 


FUEL 

DEW POINT 

Blast furnace gas . 

55“ F. to 60° F. 

Producer Gas—Coke. 

1 85® F. 

Producer Gas—Coal. 

140° F. 

Town Gas . 

140° F. to 150° F. 

Coal—Good Midland 

80° F. to 150° F.* 

Coal—^Bad, Sulphurous 

Up to 300° F. 


•These hgures must not be accepted as authoritative. Apparently good coals sometimes 
jive a_^dew point of over 250° F. 


TABLE LXXV (Sect. 770) . heat pump performance 


TABLE LXXVI (Sect. 775). heat pump performance 


TABLE LXXVII (Sect. 793). SPECIFIC HEAT OF ICE 


'FEMPERATURE 

APPROXIMATE 

°F. 

SPECIFIC HEAT 

32 

•5 

- 60 

•4 

- 165 

•3 

-275 

•2 

- 375 

•1 

-400 

•05 
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LXXVm-LXXDC 


THE EFFICIENT USE OF STEAM 


TABLE LXXVIII (Sect. 795)- PHYSICAL PROPERTIES 

OF LIQ^UIDS 



ATMOSPHERIC 
BOIUNO POINT 
° F. 

sPEcinc 

HEAT 

btu/lb. 

LATENT 

HEAT 

btu/lb. 

total HEAT OF 

VAPOUR AT 
ATMOSPHERIC 
BOILING POINT 

btu/lb. 

Water. 

212 

10 

971 

1,151 

Acetone 

133 

•51 

223 

275 

Aniline. 

356 

•51 

187 

352 

Alcohol—^Ethyl 

164 

•68 

368 

458 

Alcohol—Methyl 

148 

•61 

473 

544 

Benzene 

176 

•47 

[ 169 

237 

Carbon Tetrachloride.. 

1 

170 

•20 

84 

112 

Chloroform 

142 

*24 

100 

132 

Cresol .. 

394 

•55 

181 

[ 

380 

Glycol .. 

387 

•58 

344 

551 

Mercury 

675 

•033 

122 

146 

Toluene. 

231 

•53 

156 

261 


TABLE LXXIX (Sect. 797). VISCOSITY OF WATER 


VISCOSITY 


TEMPERATURE 


°F. 

CENTIPOISES 

LB./SEC. FT. 

32 , 

1-79 

•001203 

40 

1*54 

•001035 

60 

M2 

•000753 

80 

•86 

•000578 

100 

•64 

•000430 

120 

•56 

•000376 

140 

•47 

•000316 

160 

•40 

•000269 

180 

•35 

•000235 

200 

•30 

•000200 

212 

•28 

•000190 
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TABLES 


LXXX 


TABLE LXXX (Sect. 800). COMPOSITION OF 
VARIOUS WATERS 


PARTS PER 100,000 



BURTON 

WELL 

1 

DUBLIN 

RIVER 

LONDON 

M.W.B. 

OVERPOOL 

CORPORA¬ 

TION 

IRISH 

SEA 

Total dissolved solids 

165-7 

3i*4 

48*8 

6*9 

3,386 0 

Calcium carbonate.. 

10*90 

20*30 

19*40 


4*8 

Calcium sulphate .. 

111*24 

6*36 

16*05 

3*14 

133*2 

Magnesium carbonate 

30*44 

1*29 



Tr. 

Magnesium chloride 

_ 

_ 

4-16 

1*43 


Magnesium sulphate 


— 

*80 

*29 

— 

Potassium sulphate.. 

! 1*99 

1 


—. 1 

- ■ 

Sodium chloride .. 

1 5*57 

2*61 

1*88 

M4 

2,643*9 

Sodium nitrate 

2*81 


5*36 


— 

Others including iron 






and silica.. 

1*40 

•70 

1*00 

•39 

604*1 


RAIN 

RAIN 

DEW, 




WATER, 

WATER, 

ROTHAM- 

SNOW, 



land’s end 

LONDON 

STEAD 

KEMSINO 


Total dissolved solids 

42*8 

2*76 

4*87 

4*25 


Organic carbon 

*131 

*383 

•264 

•306* 


Nitrogen 

•054 

*258 

•297 

•003? 


Chlorine 

21*8 

*50 

•53 

*55 


Hardness .. 

10*0 

1*1 

1*9 

•95 




PER 

CENT. BY VOLUME 




LOCH 





RAIN 

IT ATOfNIW 





WATER 

WATER 




Nitrogen 

1*308 

1*731 




Oxygen 

*637 

•704 




Carbon dioxide 

*128 

1 

-113 





* There were also 3 • o parts of carbon as visible floes in suspension. 
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txxxi 


THE EFFICIENT USE OF STEAM 

TABLE LXXXI. CONVERSION FACTORS 


Length: 

1ft. 

120 in. 

1 in. 

r= 

0*083,333 

ft. 


0-333,333 yard 

1 yard 

= 

3*0 

»» 

•= 

0-060,606 rod 

1 rod 

= 

16*5 

j? 


0-015,151, 5 chain 

1 chain 


66*0 

>» 

= 

0-001,515,15 furlong 

1 furlong 

= 

660*0 

» 


0-001,388,88 cable 

1 cable 


720 0 

ft 


0-000,189,39 nule 

1 mile 


5,280*0 

ft 

= 

0-000,164,47 naut. m. 

1 naut. m. 


6,080*2 

ft 

= 

304,801 EX 

1[L 

= 

0-000,003,28 „ 


304-801 mm. 

1 mm. 


0*003,281 

tr 

= 

30-4801 cm. 

1 cm. 

= 

0*032,808 

tt 


0-304,801 m. 

1 m. 

=- 

3*280,83 

tt 


0-000,304,8 km. 

1 km. 


3,280*83 


Simple 

approximations : 0-001 in. = 
0-0004 in.= 

0*025 mm. 

0*01 mm. 





Area: 






lft.« 

tsi. 

144 0in.» 

1 in.2 

- *006,944 

ft*. 


-- 

0-111,111 yard“ 

1 yard* 

= 9*0 

» 



0-003,67 rod* 

1 rod* 

272*25 

tt 



0-000,229,6 chain* 

1 chain* 

= 4,356*0 

> 


= 

0-000,022,96 acre 

1 acre 

= 43,560*0 

tt 


= 

0-000,000,035,9 mile* 

1 mile* 

=27,878,400*0 

ff 


ss 

92,900-0 mm.* 

1 mm.* 

= 0*000,010,76 

t* 


= 

929-0 cm.* 

1 cm.* 

= 0*001,076,4 

»> 


= 

0-0929 m.* 

1 m.* 

= 10*763,9 

>» 


= 

0-000,009,29 hectare 

1 hectare 

= 107,639*3 

tt 



0-000,000,092,9 km.* 

1 km.* 

= 10,763,730*0 

tt 



3*1415927= Circumference of circle of radius = 

1. 




4*0 

= Area of outside square. 


2*0 

= Area of inscribed square. 

V2 

1*4142 

= Side of inscribed square. 

v/Jt 

1*7726 

= Side of equal square. 

nr* 

0*7854d* 

= Area of circle. 


Trd® 

~ Area of sphere. 
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TABLES 


LXXKI 


Volume: 

1 cu. ft. ^ 


Weight: 

1 lb. 
(avrdp.) 


TABLE Lxxxi. CONVERSION FACTORS —Continued 


1,728-0 cu. in. 

1 cu. in. 


0 000,579 cu. ft, 

0-037,04 cu. yd. 

1 cu. yd. 


27-0 

6*228,8 Imp. gall. 

1 Imp. gall. 


0-160,54 

24-915,2 Imp. qt. 

1 Imp. qt. 

— 

0-040,135 „ 

49-830,4 Imp. pint 

1 Imp. pint 


0-020,067,5 „ 

199-322 Imp. gill 

1 Imp. gill 


0-005,017 „ 

996-610 fluid oz. (Ap.) 

1 fluid oz. 


0-001,003,4 „ 

7,972*880 drachm (Ap.) 

1 drachm 

- 

0-000,125,4 „ 

478,372-8 minim (Ap.) 

1 minim 

- 

0-000,002,09 „ 

3-114,4 peck 

1 peck 

- 

0-321,09 

0*778,6 bushel 

1 bushel 


1-284,35 

0-028,318 cu. m. 

1 cu. m. 

r- 

35-31 

. 0-283,18 hectolitre 

1 hectolitre 


3-531 

28-318 litre 

1 litre 


0-035,31 

28,318-0 cc. 

1 cc. 

-= 

0-000,035,31 „ 

1 Imp. gall. - 1 •200,91 U.S. gall. 



72 Imp. gall. -== 1 puncheon 




36 Imp. gall. 1 barrel 




1 standard =165 cu. ft. 




-d* =• 0-524d^ = volume of sphere 

0 




0-071,429 stone 

1 stone = 

14-0 

lb. 

0*035,714 quarter 

1 quarter = 

28-0 

f > 

0-008,928,6 cwt. 

1 cwt. = 

112-0 


0 -000,446,43 ton 

1 ton = 

2,240-0 

»> 

0-000,5 short ton 

1 short ton =- 

2,000-0 


16*0 oz. (Av.) 

1 oz. (Av.) — 

0*062,5 

>9 

256*0 dram (Av.) 

1 dram (Av.) — 

0 003,906 


7,CX)0*0 grains 

1 grain ^ 

0-000,142,86 

*9 

1-215,28 lb.(Tr. &Ap.) 

1 lb. (Tr. & Ap.) - 

0-822,857 

»> 

291-666 dwt. (Tr.) 

1 dwt. ^ 

0-003,429 

>* 

350-0 scruple (Ap.) 

1 scruple 

0-002,857 

99 

453 * 592,4 gram 

1 gram — 

0-002,204,6 

99 

453,592-4 mg. 

1 mg. =- 

0-000,002,205 

9 » 

0-453,592 kg. 

1 kg. = 

2-204,622 


0-004,536 quintal 

1 quintal 

220-462,2 

M 

0-000,453,6 met. ton 

1 met. ton = 

2,204*622 

» 

1 carat 

= 2(X) mg. 
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LXXXI 


THE EFFICIENT USE OF STEAM 



TABLE LXXXI. 

CONVERSION FACTORS' 

— continued 


Density: 





1 - 

0-000,578,7 lb./in.‘ 

1 lb./in.» 

1,728*0 

Ib./ft.* 

- 

27-0 lb./yd.» 

1 Ib./yd.® 

0*037,037 

»> 

— 

0-160,545 Ib./gal. 

1 Ib./gal. 

6*228,8 

3 ) 


0-012,054 ton/yd.* 

1 ton/yd.* 

82*963 



0*016,018 met./ton/m” 1 met. ton/m* 

62*428 

» 


16*018,4 kg./m* 

1 kg./m» 

0*062,428 

ff 


0*016,018 gm,/cc. 

1 gm./cc. — 

1 ft.» air = -080,73 lb. 

1 HjO-= 62-288 lb. 

62*428 

>» 

Angle: 

1 circle == 

360*0 degree 

1 degree - 

0*002,78 

circle 


21,600*0 minutes 

1 minute 

0*000,046,3 


-1,296,000*0 seconds 

1 second - 

0*000,000,77 

■= 

6*283,185 radians 

1 radian — 

0*159,155 

>» 

Pressure: 

1 psi = 

144*0 Ib./ft.* 

1 lb./ft.2 

0*006,944 

psi 


0*000,446,4 ton/in. 

1 ton/in.2 

2,240*0 


0*064,23 ton/ft.2 

1 ton/ft.2 

15*556 



0*070,31 kg/cm,** 

1 kg./cm.* = 

14*22 


=s 

703*1 kg./m.2 

1 kg./m.’-* 

0*001,422 

>> 

= 

2*036 in. hg. 

1 in. hg. 

0*491,2 


= 

51*71 mm. hg. 

1 mm. hg. 

0*019,34 


= 

0*068,04 atmos. 

1 atmos. 

14*696 



27*7 in. H 2 O 

1 in. H 20 ‘ 

0*036,1 

9f 

— 

2*309 ft. H 2 O 

1 ft. HgO 

0*433,2 



70*37 cm. HgO 

1 cm. HgO 

0*014,21 


Velocity: 

1 ft./sec. = 

60*0 ft./min. 

1 ft./min. - 

0*016,667 

ft./sec. 

= 

0*681,8 m.p.h. 

1 m.p.h. 

1*467 


0*011,36 m.p.min. 

1 m.p.min. 

88*0 

>> 


0 *592,09 knot 

1 knot 

1*688,9 

ft 

— 

30*48 cm./sec. 

1 cm./sec. 

0*032,81 


= 

0*304,8 m./sec. 

1 m./sec. 

3*281 


= 

18*29 m./min. 

1 m./min. — 

0*054,7 

tf 

= 

0*018,29 km./min. 

1 km./min. = 

54*68 

Sf 


1*097 km./hr. 

1 km./hr. 

0*911.3 

ft 

Jf 

1 r.p.m. = 

0*016,667 r.p.sec. 

1 r.p.sec. 

60*0 

r.p.m. 

=: 

6*0 deg./sec. 

1 deg./sec. =-• 

0*166,67' 

= 0*104,7 radian/sec. 

Velocity of light = 

Velocity of sound = 

1 radian/sec. 

186,330 mile/sec. 

1,126 ft./sec. 

9*549 

ft 

tf 


Acceleration due to gravity = g = 32'16 ft./sec. 

— 9-81 m./sec. 
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TABLES 


LXXXI 


Flow: 

1 gal/sec. 


Energy 
1 kWh 


Power: 

IkW 


TABLE LXXXI. CONVERSION FACTORS —Continued 


60-0 gal./inin. 

1 gal./min. 


0*016,667 gal./sec 

3,600 0 gal./hr. 

1 gal./hr. 


0*000,277,8 

0-160,54 ft.*/sec. 

1 ft.*/sec. 

= 

6*228,8 

9-632,4 

1 ft.Vniiii. 


0*103,813 

577-944 ft.s/hr. 

1 ft.»/hr. 


0*001,730,2 „ 

4-545,63 litre/sec. 

1 litre/sec. 

= 

0*219,999 

2n-m.S litre/min. 

1 litre/min. 


0-003,666 

16,364-268 litre/hr. 

1 litre/hr. 

= 

0*000,061,1 


1*341 h.p./hr. 

1 h.p.-hr. 


0*745,7 kWh 

3,415*0 Btu 

1 Btu 

== 

0*000,292.8 

1,897*2 C.H.U. 

1 C.H.U. 


0*000,527,04 „ 

2,655,000 0 ft.-lb. 

1 ft.-lb. 

= 

0*000,000,377 „ 

367,100*0 kg.-m. 

1 kg.-m. 

=- 

0*000,002,724 .. 

3,600,000*0 Joule 

1 Joule 

■= 

0*000,000,278 „ 

: 860,445*0 gm.-cal. 

1 gm.-cal. 


0*000,001,162 „ 

1 ft.-lb. 

= 13,560,000 erg. 



981 *2 Dyne 

— Igm. 




1*341 H.P. 

1 H.P. 


0*745,7 

kW 

l*36Met.H.P. 

1 Met.H.P. 


0*735,5 

>» 

737*6 ft.-lb./sec. 

1 ft.-lb./sec. 

= 

0*001,356 

99 

102*0 kg.-m,/sec. 

1 kg.-m./sec. 

= 

0 009,807 

>9 

1,000*0 Joule/sec. 

1 Joule/sec. 


0*001 

99 

0*239 kg.-cal./sec. 

1 kg.-cal./sec. 

= 

4*183 

99 

0*948,6 Btu/sec. 

1 Btu/sec. 

= 

1*054 

99 

56*916 Btu/min. 

1 Btu/min. 


0*017,567 

99 

3,414*96 Btu/hr. 

1 Btu/hr. 


0*000,292,8 

99 

0*527 chu/sec. 

1 chu/sec. 

= 

1*897,23 

99 

31*62 chu/min. 

1 chu/min. 


0*031,621 

99 

1,897*2 chu/hr. 

1 chu/hr. 


0*000,527 

9i 

10,000,000,000 erg./sec. 

1 erg./sec. 

= 

0*000,000,000,1 

99 

H.P. 

~ heat drop x steam flow/hr. x * 

00039 


1 boiler H.P. 

v/3 

1 

V3 

= 34*51b./hr. From and At 212® 
= 1*732,050,8 

- 0*577,350,3 

F. 
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TABLE LXXXII. COMMON LOGARITHMS 
(To Base lo) 


(66233) 


TABLES 


Lxxxn 



ON 

coco CO CM CM 

VO ^CM *-v Q 
CM CM CM CM 

On 00 VO 

VO VOXf^CO 

COCMCMCMx-v 


00 

CO 000 VO xf 
CO CO CM CM CM 

CM^OONOO 

CMCMCM*^»- 

r^^vOJO^J 

22222 

—.—.—.00 

B 


OxVOxt CO^ 
CM CM CM CM CM 


vo^ijj J252 

CM^»-x^ 0 

i< 

0 0 ON ON ON 

t 

•J 

VO 

VO CO »-i ON 00 
CM CM CM 

VO VOCO 

1 —« 

CO CM CM 

0 0 ON On On 

ON 00 00 00 00 


VO 

^ONI^VOVO 
CM ^ ^ 

XfCOCMCM^-^ 

^OOONON 

ONOOOOOO(>> 

VO VO 

'Vt 

VO xf CO CM 

1 -H ^ 

^ ^ 0 ON On 

00 00 00 r-- r- 

r-r^vovovo 

VO v£> VO VO VO 

Q 







oi 

CO 

CM^OOOn 

00 oot^ r- 

VO VO VO VO VO 

VO «0 VO »o xf 

Xfxf XT *^xr 


CM 

00 00 VO VO 

VO VO VO VO 

■M- Xj* Xt ^ Xt 

CO CO CO CO CO 

CO CO CO CO to 


-- 

Xf Xf CO CO CO 

CO CO CM CM CM 

CM CM CM CM CM 

CM CM CM CM »-• 



rt VO o <N 
VO o m m 

m Tj- 

O O »—< »—HrH 


T^ OvOn VO 0\ 

»—< rsi so oo 


»—I ^ oo r^J 
O Q Os oo VO 
CM ^ VO Ov 
fo CO CO CO m 


CO oo VO OM^ 
CO 0 ^ VO Q VO 
CM ^ ^ ^*• 


> oo CM CM oo 

> CO r- o CM 

V O CO ^ 
“ VO «o «o VO 


Xf Ov CM ON CO 

CO t-- a\ o 

cor-ocor~- 
O O »-• r-l 


r- ro-^ 
oo •ooxt'O 
Ox rM»o r- ON 
^ CM CM CM CM 


VO VO VO 
OO OO VO 
CO VO r- ON 
CO CO CO CO CO 


VO^-^Q-vtCM 
ir-i CM ''T ’CN 


VO On OvVD 
OO CM VO oo *-i 

oo O CM «o 

xl- VO VO VOXJ* 


s;j 

o< 


CMgOfO^ 


ON O 00«0 
VOCMOCr-tXf 
On CMr- On 
^ CM CM CM CM 


S io or^ 

VO ^ Xf CM 
^ CO VO Ov 
CO CO ro CO CO 


On VO VO On oo 
^ VO CM CM 
Q CM ^ *o 


^ VO VO CO 
r- ^ Tt Q 
oo o ^ CM ^ 

VO VO VO VO 


VO 

0253 

0645 

1004 

1335 

1644 

^ VO VO c^ 

^ Qvo ON 

On CM xf VO ON 
x-t CMCM CM CM 

0\ *0 ^ 0\ 

CO Xf xt CM Q 
x-^ CO VO ^ 

CO CO CO CO CO 

4082 

4249 

4409 

4564 

4713 

r- f- CM CO i-x 

VT) ON CO VO On 

00 0 \ »-i CM CO 
xf xf ir> vojin 

VO 

CM r- ON CO xf 
^QVOO^ 

gSS-2 

CO »0 0 CM Q 

0 CO 0 

SOON 
x-« n CM CM CM 

00 xf CM X- CM 
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^ M* xf xf ^ 

ON ON VO vp 
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00 0\ — CM CO 

VO VO «0 

CO 

00 ON ON CO 

CM CO ON CO VO 
VO 00 CM VO 
0 0 0 ’-H 

r- CM 0 VO VD 
xf CM 00 CM VO 
00 X-. CO VO 00 
XX CM CM CM CM 

VO xf CO xf VO 
r- 00 00 c- VO 
0 CM xf VO 00 
CO CO cO CO CO 

x-H Q rM 00 On 
CO 0 VO x-M VO 
Q CM CO VO VO 
^ xf xf xf 

xf VO CM ^ CO 
ix^vO^CMVo 

00 ON 0 CM CO 
xf xf VO VO VO 

CM 

0086 

0492 

0864 
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1523 

00 VOVO x-« CO 
^ ON VO Q CO 

00 Oro^oo 
X-^ CM CM CM CM 

xf CO VO 00 

VO VO VO »0 CO 
OCMxf vooo 
CO CO CO CO CO 

xf covocMxf 
x-i 00 xf 0 VO 

QCM ONi-xQ 
Oxf 

06 ON 0 CM CO 

Xf xf VO VO VO 

- 

CO CO 00 CO CM 
^ VO CM ON 

iSS=2: 

0 ooor'O 

^ vO CO 

0 CO «o 00 
x-i CMCMCMCM 

CM CO xf VO 0 
CO xf ro CM 
0 CM VO 00 

CO CO CO CO CO 

VO or- ON 
On VO CO 00 CO 
Os — CO VO 

CO xf xf xf Tf 

VO 00 VO 00 00 
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PROPORTIONAL PARTS 


LXXXU 


THE EFFICIENT USE OF STEAM 
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Natural or hyperbolic logarithms are calculated to base e — 2 -71828. Common logarithms can be converted to natural logarithms by multiply ing 
by 2-3026. Natural logarithms can be converted to common logarithms by multiplying by 0-4343 


988 




SO VO SO 
OO ^ OS 


so so so so so 
^ ^ ^ 


oo oo oo oo oo 
so OO OS 


_> so _ _ 
so VO oo oo 
s-n *—4 OS to ''J 
Os K> oo OJ 


so so so so so 

Os OS »-/» 

OJ oo UJ so 4 ^ 
*— oo o to 


VO so so so so 

-1^ ^ w CO 
so ^ VO so 

4^ C/I cri 4^ 


o 


so SO SO *0 so 
SO SO OO OO 

OS ►— --4 to oo 
^ -J to to 

so so so so so 

Os OS CA CA 

cu oo ^ so 4 ^ 

OS so C.J CA 

so so so so so 

4:94 4:1. ^ C4 |v 4 
so CA 0 CA so 
so 0 0 0 so 

1 

so so so so so 
so so oo oo 'O 

Os to -J C»4 OO 
Crt ‘ ^ to OS 

so so so so so 

OS OS Qs CA 

4^ so ^ O CA 
4i. O N> 

so so so so so 

CA 4x ^ 0 / CO 

0 CA 0 CA Q 

CA CA CA 

to 

so sO VO so so 
so so oo oo -o 
Os to oo CO so 
so OS — OS ^ 

so so so so so 

OS OS OS CA 
4 ^ so CA o CA 
CA so lv> CA 

so so so so so 

CA 4^ 4 : 4 . CO CO 

S 0 0 0 s 

CO 

so so so sO so 
vO so oo oo -o 
-o u/ oo so 
4 S 4 . o OS ^ C/i 

so so so so so 

-~4 Os ^ CA 

CA O CA o OS 
O C 4 so tsj 

so so so so so 

CA 4^ 4^ CO CO 

•— os •— OS ^ 

CO CA CA CA CA 

4 ^ 

so so so so so 
so so oo oo oo 
^ 4^ o 
oo 4 ^ O S/I o 

so so so so so 

Os Os CA 
CA o OS OS 

4X oo 4^ OS 

so so so so so 

CA 4^ 4:4 CO CO 
»-* Os K> --4 to 

oc so 0 0 0 

CA 

1 

so sO so so so 
so so oo oo oo 
oo C*4 so O 
UJ so 4i- O CA 

so so so so so 

*-J --4 Os OS CA 
CA — ‘ OS — ^4 
so C4 OS so —■ 

so so so so so 

CA 4^ 4i4 CO CO 

to -4 to to 

4^1^ CA CA CA 

OS 

so so so so so 
>0 so oo oo oo 
oo 4^ so CA O 
<-4 C*4 so 4^ so 

so so so so so 

-4 -4 OS OS CA 
OS t4 ^ 

OJ 4:^ OS 

SO SO SO so SO 

CA 4^ 43k> CO CO 
to >-4 CO 00 CO 

00 VO 0 0 0 

->4 


so so so so so 
so so ^ 00 00 

V 0 4 i*OCA'— 

— 00 CO so 4 ^ 

VO so so so so 

->4 ^4 OS OS CA 
OS to -4 to 00 
00 to CA 00 H-* 

so so so SO so 

CA 4 x 4 x CO CO 

CO 00 CO 00 CO 

CO 4 k> CA CA CA 

SO SO SO SO SO 
so so Sp 00 00 
so CA 0 OS ^ 
Os to 00 CO 00 

SO SO SO SO SO 
-4 *4 Os Os CA 
'-O to 00 CO 00 
CO <4 0 CO Os 

so so so so so 

CA 4 k. 4 k. CO CO 

CO 00 ^ so 

00 so 0 0 0 

00000 

00000 

000 

— 

-- 

— 


- . 

^ I—> k— t 4 t 4 

to to to to 14 

to to to to to 

tJ t 4 t 4 t 4 tJ 

to to to to to 

to to to to to 

t 4 t 4 to CO CO 

CO CO CO CO CO 

CO CO CO CO CO 

CO CO CO CO CO 

CO CO CO CO CO 

CO CO CO CO CO 

CO CO CO 4 )k 4 ^ 

CO 4 ^ 4 >i> 4 ^ 

4 ^ 4 ik 4 kk 4 ik 

41. 4^. 4 k. 4 ^ 4 ^ 

4 :w 4 k. 4 ^ 4 ^ 4:^ 

4^ ^ 

4^ 4^ CA CA 


•-4 

oo 

so 


i 

i 

f 

I 


WV 3 XS 30 3 Sn XN 3 IOI 3 d 3 3 HX 


inonci 


TABLE Lxxxii. COMMON LOGARITHMS —Continued 



INDEX 


This Index is a section index; there are no references to pages. Where illustra¬ 
tions are referred to, the reference is printed in italics, but the reference is to 
the Section to which the illustration applies—not to the figure number. 
Roman figures refer to tables. 

Every dash (—stands for a word in the line preceding it. Where a pair of 
hyphened words first appear together, one dash is used to represent the 
hyphened pair. Where a hyphen connects two words after the first appearance 
of the first word, two dashes are used. Where confusion might arise where 
two words mean different things when their order is reversed, hyphens have 
been inserted ; e.g. Gauge, Pressure, see Pressure-gauge ; Pressure, Gauge, see 
Gauge-pressure. For alphabetical purposes prepositions, conjunctions and 
articles are ignored. Cross-indexing, though lavish, is not 100 per cent, complete. 


Aachen, 777 . 780 
ABbOLUFE Pressure, 27 
-gauge, 28 

— temperature, 57 

— zero, 57 

A.C., see Alternating current 
ACCOUNTANf, 1 ? 7 , 688 
Accumulator, 45 , 135 

— action of boilers, 45 , 435 

— applications, 465 - 469 , 761 

— blowers, 438 , 447 , 451 

—, boiler firing with, 444 , 445 

—,-gauge, 445 

—, — shells as, 45 , 135 , XV 
—, capacity of. 135 , 439 , 448 , XV 
—, circulation in, 438 , 447 , 4 M 
—, colliery, 462 , 466 
—, constant pressure, 135 , 461 , 462 , 463 

— — volume, 438 , 447 , 453 

— control. 438 , 444 , 447 , 454 , 455 , 462 , 538 , 539 
—, damage to, under test, 469 

— design, 443 , 448 , 451 

— discharge rate, 393 , 442 , LVI 
—, evaporator, 460 , 467 

—, exhaust, 447 - 452 , 466-469 
—, —, capacity of, 448 
—, —, oil in, 450 
—, —, vacuum, 452 
—, —, water level in, 449 
—, feed water, 453 - 456 , 467 , 468 

—,-, and bleed heating, 458 

—,-, and economiser, 457 , 458 

—,-, and turbine peak capacity, 459 

—, flash from, 393 , 439 , 440 
—, gas-bag, 463 
—, gas-holder, 462 , 468 

— heat loss, 446 , 462 

—, hot water storage as, 432 , 464 
—Kiesselbach, 453 , 454 , 464 , 466 , 468 
—, lagging, 165 

Marqubrre, 453 , 455 , 464 , 467 

— nozzles, 438 , 447 , 451 

— pressure chart, 469 

—, Rateau, 447 , 464 , 466 

— replacing reducing valve, 117 

—. Ruths, 438 , 443 , 444 , 467 , 469 , 761 
—, —, boiler firing gauge, 445 
—, —, capacity of, 439 , IV 

. control of, 438 , 444 , 538 , 539 , 541 , 545 
—, —, design of, 443 
—, —, water level in, 441 
—, steel works, 468 
—, sugar refinery, 467 , 469 , 761 

— water level, 441 , 443 , 449 
Acid for Descaling, 377 

— flue gas. 722 , 723 , 725 

— inhibitors, 377 
ADDITION OF Heat, 62 , 76 

_at high or low pressure, 62 

Adiabatic, 97 


Adiabatic Bleeds, 657 

— heat drop, 98,100,101,131,132.134.144,145,611.657 
-basis for costing steam, 679 

— operations, 97 
Admission Line, Indicator, 259 

— valve leakage, 262, 266, 269 

-timing, 262, 264, 273 

Aeration op Water, 761, 799 

Air Admission to Evaporator, 367 

-steam pipes, 324 

—, circulation by, 342 
—, compressed, leakage loss from, 160, XVI 

— in condenser, 404, 413-416, LIX 

—, conductivity of. 18, 162, 326, 329,330, XIX, XLV 

— density, 317 

— discharge from traps, 282-288, 295, 303, XUII 

— driers. 598, 609, 748 

— film, formation of, 317 

-, resistance to heat transfer of, 316, 326, 329 

330, XLV 

— flow, measuring, 238 

—, heat resistance of. 162, 316, 329, 330, XLV 

— heater, cleaning, 377 
-V, economiser, 724 

-, temperature difterence across, 331, 350 

— heating, 331, XLVI, XLVH 
-by waste heat, 761 

— leakage into steam spaces, 315, 319 

— lift action in evaporator tube, 367 
-for tank circulation, 342 

— locking, 295 

— movement, heat loss by, 170, XXVI 

— Gyration of automatic controls, 531, 536, 543,554, 

— removal, 321 

-from autoclaves, 379 

-by circulation, 501, 502 

-from coils, 322 

-condensate, 320, 799 

-condenser, 323, 413-419 

-drying cylinder, 322 

-film evaporator, 368 

-jacketed pan, 322, 759 

-M.E. evaporators, 477 

-•* remote ** point, 317, 322 

-steamers and sterilizers, 379 

-steam spaces, 321, 322 

-unit heaters, 322 

-vacuum spaces, 323 

-water. 320, 761,799 

—, solubility of, in water, 798 

— space, heat loss thro*, LXVIII 

— in steam, 315 
-, density of, 317 

-, effect on temperature of, 318, 404, LVIII 

-,-vacuum obtainable, 413, 414 

-spaces, 315, 317 

— venting, see Air Removal 

**-and steam trapping,** Northcroft, 805 

— vents, 321 
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AXR-<BACKWARD INDEX 

^ Vents, automatic. 285, 288, 321 

Alcohol. 32, 33, LXxVm — 

Alternattno Current, 694 — 

H ZI’ — 

-star and delta, 700, 701, IXXni — 

-, vanable speed, 711 — 

-water analogy, 694 — 

Aluminium, Conductivity of, XIX — 

— float, solid, 280, 292, 761 - 

— paint, 169, 718, 743 — 

-, -Tost of. 169 -- 

— —, heat saving by, 169 — 

American Institute of Chemical Engineers, 330 — 

348,366 — 

Ammonia, 765, LXX — 

Amp., Ampere, 693, 694, 695 — 

Amplification, see Automatic Control — 

Ampufier, Torque, 533 — 

Analysis of M.E. Evaporator, 494 — 

—, regression, 680-689 — 

Anchoraofs, Pipf, 192-200 — 

Anouno Bar Compensator, 549, 550, 555 — 

Aniline, 388, LXXVIIl _ 

Arca Automatic Control 542, 550 — 

Area of Pipe, XXTV, XLIX, L _ 

— in power diagrams, 54, 105 — 

—, work, 75 — 

AR.P., Air Raid Precautions, Effect of, on — 

Steam Consumption. 684 — 

Asbestos, 19. 163, XIX, XXI — 

— rope. 168, XXV 

— sheet, heat loss thro*, LXVIII — 

Ashes, Combustible in, 576 — 

Atmosphere, Exhaust to, 71 — 

—, thickness of, 26 — 

Atmospheric Exhaust, Using, 132, 152, 679, 744, — 

758 — 

— line, indicator, 258 — 

— pressure, 26 _ 

— tank, 308,412, 761 — 

Atoms, 3, 785 — 

Attraction, Molecular, 4, 5, 40, 789 790 — 

Autoclaves. 378 — 

—, air removal from, 379 — 

—, safeguarding, 378, 381 _ 

—, trapping, 380 — 

Automatic Control, 518-557 — 

-, air operated, 531, 536, 543, 554, 555 — 

— — amplification, 540, 545 — 

-, electrical, 545 — 

-, Hagan, 545, 555 

-, mechanical, 533 — 

-, Ruths, 545 _ 

— — angling bar, 549, 550, 555 — 

-, Arca, 542, 550 Ai 

-of boilers. 519, 528 _ 

-, brainlessness of, 518 —' 

-, break pressure, 520, 523 | 

-of can cooling, 547 

-combustion, 519 A\ 

-compensation, 527, 529, 530, 537, 538, 549 — 

550, 551, 553, 555 A\ 

-by angling bar, 549, 550, 555 

-, modified, 549 

-, compressed air, 531, 536, 543, 554, 555 Ba 

-by condenser charges, 547 

-of condenser temperatures, 537, 761 Ba 

-conveyor, 547 _ 

-, cost of, 535, 537, 550, 557 _ 

-of density, 536 _ 

-detector, Arca, 542, 550 _ 

-, —, Hagan, 554 _ 

-, —, Kent. 528. 543 __ 

-- —, position of, 548 _ 

-, —, Ruths, 541 

-, —, sundry, 544 _ 

-, U-tube, 536, 543 __ 

-, direct acting, 523, 527 _ 

-by displacer. 521, 552-555 

-. electrical, 526, 528, 531, 537. 546 547, 553 

-, elementary, 519 _ 

-of filter press, 535 _ 

-by float, 519, 520 _ 

-, follow-up gears, 529, 530 _ 

-, Hagan, 545, 554, 555, 556 _ 

-, Hopkinson, 537 

-, hunting of, 527, 528 _ 

-, hydraulic, 292, 527, 531, 538-542, 545, 550 — 

-impulse, 522 _ 

-, correctness of, 548 Ba 


-, multiple, 528, 539 

-, pneumatic, 554 

-, indirect acting. 527 - 

__ indication of operation of, 528, 531 

— —/k?nt.' 528. 536, 543, 546. 553, 555, 556 
-! labour saving by, 519, 536 

-, Jag in, 520, 527. 528 

-, limitations of, 518, 519 

-, mechanical, 531 

-, Micromax, Leeds Northrup, 546 

-, Multclec. Kent, 546 

-, multiple impulse, 528, 539 

531. 538-54), 545, 550 

-, on-oiT, 525, 526. 532 

-, operating medium for, 531 

-of pass-out steam, 550 

-, peak production by 433 

-, — smoothing b>, 520 

-, pneumatic, 531, 536, 554, 555 

-, potentiometer bridge, 546 

-range, 520, 523, 524, 527 

-, reactive. 527, 528 

-of reducing valve, 538, 550 

-regulator, 522, 538. 545. 550, 555 

-relay, 291. 292, 528, 531 

-, air, 531, 554. 555 

— -, electric, 528, 531, 547 

-^ hydraulic, 291, 292, 531 

-, mechanical, 531, 533 

-. oil, 292, 531, 538, 550 

-. steam, 291, 529, 530, 531 

-, suspended bottle, 292, 527 

-, transforming, 545, 549, 554, 555 

-. reset, 528, 555 

— —, Ruths 540, 541, 545 

-, — accumulator, 444, 538. 539 

-, safety valves, 524, 525 

-. savings by, 519, 525, 535, 536, 537, 551 

-, self-adjusting, 552, 553, 555 

-, self-centcnng, 529, 530 

-, self-compensating, 555 

-servo mechanisms, 292, 529, 530, 533, 538, 555 

-sticking, prevention of, 532 

-, .suppression, 528, 551, 553 

-of surplus valve, 538, 550 

-of tank. 520-523, 551, 553-556 

-of temperature, selective, 537, 761 

-, thermostatic, see Thermostat, Thermostatic 

-, usefulness of, 519-551 

-, voltage regulator, 526 

-. Wheatstone Bridge. 546 

Auxiliaries, Boiler, 656, 667, 668, 669 
—, —, costing, 676 

—extravagance of, 436, 561, 669 

—, —,-, back pressure, 147 

Available Energy Basis for Costing Steam, 679 
Availability oi heat, 763 
-power, 103 

Average Flow, Control of, 520, 551, 553, 555 


Babcock and Wilcox, “ Water Treatment Man¬ 
ual,” 805 
Back E. M. F.. 695 
—, hop-, jack-, under-, 612, 616 
— pressure, 118 

-auxiliaries, 147 

-- effect on net output, 676 

-, choice of, 125, 148, 149 

- ^ cumulative increase of, 129 

-electricity heat consumption, 113, 114, 120 

566, XIV 

-evaporator, 490 

-, lowest possible, use of, 125 

-machine, making fullest use of. 143. 144. 145 

148, 149, 157, 635, 648 

-pass-out machines, 131, 761 

-power auxiliaries, 436, 561 

-coal consumption, 120, XII, XIII 

-costs, 120, 566, 676, 679, XIII 

-efficiency, 113, 114, 249 

-heat consumption, 112, 113, 114, 120, 566, 

XIV, LXll * 

-losses, 120. 566 

-obtainable, 104, 125, IX, X 

-set for power station auxiliaries, 668 

Backward Feed in Evaporators, 481, 482 
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BACTERIA-BREAKDOWNS 


Bacteria. Killing, by Open Sieam, 378, 379, 386 
Badger. W., 331, 350, 356, 366, 805 

Balance, Heat, see Heat Balance. 

Balanced Pressure Expansion Traps, 388, 321 
Bail Bearings for Power Saving, 715 

— float, see Float 

— valve, see Hoat 

Bar, Angling, 549, 550, 555 

Bare Surfaces, Heat Loss from, J66, XXIl, XXIII 

Barrel Calorimeter, 213, 234 

—, steam flow measurement with, 234 

— washing water, waste heating of, 408, 629, 632, 633 
Barometric Condenser, 412, 416. 761 

— leg, 308, 761 

Basic Efficiency, 55, see also Cycle. Rankine 

Basin, Wash, Heaf R^guiRLMENrs for, 589, LXIX 

Basket Calandpja, 362, 374 

Batch Hcahno, 350, 427 

Bath, Heat Requiremtnts for, 589, LXIX 

—. pit head, costing. 679 

Batiersea, 143, "71 

Bearings, Alionmfnt of, 715 

—, ball, for power saving, 715 

Beer, 612, 613, 614, 621 

— bottling, 621,623. 636 
-cooling, 625 

-heat re 9 uirements, 627, 639, 636 

-pasteurising, 624 

-refrigeration, 621, 775 

— brewing, 6I2-6ib 

— cooling, 625 

— fermenting, 612, 614, 629 
—, specific gravity of, 612, 613 
—. — heat of, 6/J 614 

Beet Pulp Drier, 651 

— sugar factory bogey, 486. 562, 593 

-M.E. evaporator, 486, 487, 494 

Bellows, Expansion, 192, 194 

— in automatic controllers, 538, 539, 542, 550, 555 
Bend, Creased, 192, 198 

—, standard. XXVIII 

Bends and Length for Expansion, 192,199 
Bernoulli, 218 
Binary Cycle, 803 
•* Black Sunday ”, 667 
Blade, Turbine, Deposit on, 274 
—, —. erosion of, 82,274 
—, —, friction, 112, 130, 242 
—^ —, impulse and reaction, 274, 463 
Blanket, Air, 326, 329, 330 
Blast Furnace Gas, 725, 737, LXTT, LXXIV 
Blfed Feed Water Heating, 87, 88 , 89, 136, 490, 
657, 724, 736 

-and accumulator, 458, 459 

-heating in M.E. evaporator, 483, 485, 490 

— space heating, 663 

—, turbine, 87, 88, 89, 136, 458, 459, 656, 657, 724 
—, —, replacement of, by sub-economiser, 736 
Blind Flange, 189 

” Blitz ”, Steam Consumption in, 684 
Blow-down, Continuous, 399, 400, 761 

— from evaporators, 491, 761 

— flash, distilled water from, 495, 496 

-, heat recovery from, 399, 400, 410, 411, 495, 

496, 660, 761 

-M.E. evaporator, 495, 496 

-, power from, 410, 411 

— heat exchange, 399, 400 

— loss, 576, 660, 742 

— in power station, 656, 660 
—, solids dissolved in, 495, 496 
Blower, Mecha^iical, 493, 704 
—, steam, 382 

—, —, in accumulator, 438, 447, 451 
—, —, hammering of, 382, 383 
—, —>, superheating in, 48, 385 
—, —, waste of steam by, 48, 176, 385 
Blowing-off, Ensuring Minimum, 129 

— exhaust steam, 126, 129 

— marginal steam, 126, 127 
—, peaks cause, 423 

—, power generation by, 126 

— and safety valves. 423, 437, 524,525 
Blowing Traps, Detection of, 234 
Blunt Tools, Power wasted by, 717 
Board Drying Machine, 176 
Body-maker, Can, 713 

Bogey. 561. 590, 593 

— for beet sugar factory, 486, 562, 593 
-boilers. 573, LXV 

_brewery, 562, 633 


Bogey Costs, 678 

— for food extract, 654 

-laundry, 562, 607-610 

-power station, 561, 593 

-sugar refinery, 145, 562 

Boiler, Automatic Control of, 519, 528 

— auxfiiaries, 656, 667-669 
-, costing, 676 

-, extravagance of, 436, 561, 669 

—, accumulator action of, 45, 435 

— blow-down, see Blowdown 

— bogey, 573. LXV 

— capacity to meet peaks, 45, 435 
—, constant volume of, 74, 78 

—, Cornish, 45, 734 
—, crane, LXV 

—, Economic. 45. 734, LXV. LXVI 

— and economiser compared, 720 

— as economiser, 734 

— efficiency, 474, 573, 574 
-, bogey. 573, LXV 

-, effect of peaks on, 421, 423, 424, 430 

-. estimating, 574, 577, 579, 582, LXVI 

-, measuring, 573, 575 

-, powei station, 88, 108, 109, 656 

-.probable, 574, LXVI 

— feM pump, see Feed Pump 

“-water treatment ”, Matthews, 805 

— firing with accumulator, 444, 445 
-gauge, 445 

—. Hawley, 383, 761 

— heating surface, 720 

—, heat transfer rate in, 720, XLVI 
—, hot water, 582 
—, La Mont. 513 

—, Lancashire, see Lancashire Boiler 
—. loading of, 436 
—loco, 734. 1.XV 

— loss, 576 

— make-up. 394, 395, 656, 728, 729, 730. 762 
—, part-loaded v. fully-loaded, 436 

—, peaks, effect of, on, 423, 424 

— performance, estimating, 580, 594, 648 

— pressure, choice of, 141-146 

-, effect of fluctuating, 424-429 

-, effect of reducing, 39 

—, — hot water, 513 
—, sectional, LXV 

— shells as accumulator, 45, 135, XV 

— tests. 573, 575, 576 

—, vertical. 45. 759, LXV 
—, water-tube, see Water-tube Boiler 
Boiling, Mechanism of, 11, 790 
—. film,348 
—, nucleate, 348 

— point, 11, 35, 790, see also Boiling Temperature 
-elevation, 402, 492, 778, 779 

-cycle, 763, 777 

-, advanced, 782 

-, simple, 781 

-, temperature range, 777 

-of caustic solutions, 478, 492, 778 

-in M.E. evaporators, 478, 492, 632 

-of sugar solutions, 402, 778, 779 

-and vapour pressure, 778 

-raised by pressure, 12, 35 

-reduced by vacuum, 13, 35, 36, 355, LII 

-of sugar solutions, 345, 778, LII 

—, submerged, 24, 365 

— temperature, 11, 35,41,790, see also Boiling Point. 
-, effect of, in evaporation, 357, 365 

-, hydrostatic head, effect on, 365, 367 

-, surface tension, effect on, 365, 790 

Bombardment, Molecular, 9, 15, 17 
Bombs, Effect of, on Steam Consumption, 684 
Books on Steam, 805 
Bottle Relay, Suspended, 292, 527 

— washing, 622 

Bottling Beer, see Beer Bottling 
Boundary Curve, 59,796 
Bourdon Pressure Gauge, 27, 206 
Bowl, 300, 302 
B.P., Boiling Point, q,v. 

B.P.B., Boiling Point Elevation, q.v. 

Braid, J., 561 

Branches, Pipe, Feeding, 174, 202 
—, —, estimating sizes, 174 
Brass, Heat Conductivity of, XIX 
Break Pressure Tanks. 520, 523 
Breakdowns Reduced by Lower Speeds, 707 
-larger motors, 702 
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BREAKER-CIRCULATION 


INDEX 


Breaker, Vacuum, 324, 758 
Breathing of Safety Valves, 437, 524 
Brewers* Grains. 612, 618 
Brewery, 612-636, see also Beer, Brewing, Wort 

— bogey, 562, 633 

— cask steaming, 620, 632, 633, 754 

-washing, 612, 620, 632, 633 

-heat recovery, 632, 633 

-waxing, 632, 754 

—, continuous working of, 633 

— copper, see Brewing Copper 

— flow sheets, 612, 613, 621, 627, 629, 633. 634,636 

— frig., 612, 615, 629 

— heat balance, 628, 629, 633, 636 

— — loss thro* buildings, 619, 626 
-recovery, 629, 631-634, 636, 754 

— — rejection, 632 

-requirements, 613. 627, 628, 629, 633, 634, 636 

— hop back, 612, 616 

— hot water, 618, 620, 629 

— liquor, 612 

— mash tun, 612, 618, 629 

— pasteurising, 624 

— power, 6J5 

— refrigeration, 621, 776 

-and heat pump, 776 

-recovery, 629, 776 

— refrigerator driven by steam engine, 150, 635 

— Sankey diagrams, 628,629,633, 634 

— space heating. 619, 626, 636 

— sterilising, 612, 630, 633, 636, 754 
-. cold, 612, 630, 633, 754 

— ventilation, 619, 626, 636 
Brewing Copper, 176, 374, 612, 617, 636 
-circulation, 374 

-condenser, 408, 629, 631 

-evaporation, 374, 612, 617, 631 

-heat recovery, 408, 629, 631,754 

-heating surface, 374 

-, lagging, 636 

-pressure cooking, 374, 633 

-, superheated steam in, 176 

-vapour collection, 408, 629, 631, 754 

Brick Walls, Heat Loss thro*, 587, LXVIII 
Bridge, Potentiometer, Wheatstone, 546 
Brine, Coouno by, 340 
—, evaporating, 372 
—, heat transfer to, 358 

British Launderlrs’ Research Association, 
B.L.R.A.. 595, 607 

— standard code for flow measurement, 232 

— — specification for pipes, XVI11 

— thermal unit, 32 

B.TH.U., Btu., British Thermal Unit, 32 
Bubble Formation, 24, 365, 366, 367 
Bucket Calorimeter, 213, 234 

— trap, inverted, 284 
-, open, 283 

Bulb Size, Electric, 718 
Buildings, Heat Loss From, 587, LXVIII 
—, — requirements for, 585 
—, heating by economisers, 730, 731 

—,-flash, 394 

—^-waste heat, 761 

—, savings by insulating, 588 
—, ventilation heat requirements of, 586, LXVll 
Buoyancy of Floats, 278, 280, 281, 283 
Burning of Product on Heating Surf aces, 353,360 
Burton Water, 800, LXXX 
Bush Torque Amplifier, 533 
Buying Power, 119, 128 
Bye-passing Economiser, 728, 730 

— traps, 190, 314, 742, 743 


Cables, Effect of Power Factor on, 697 
Calandria. 294, 322, 323, 358, 359, 362 
—, basket, 362, 374 

— evaporator, 293, 312, 322, 323, 352, 364-369, 371, 

372, 375, 376, LIII 
—, Grantzdorfper, 363, LI 

— pans, 352, 359, 362, LI 
—, ribbon, 352, 363, 374 
Caloum Carbonate, 328, LXXX 

— sulphate, 328, 377, LXXX 

Calender, 300, 396, 598, 609, see also Drying 
Cylinder 

Callendar, H. L., 805, 806 

— steam tables, 106, 805, 806,1,11 
Calorie, Pound-, 32. LXXXI 
Calorific Value, 564, see also Heat Content 
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Calorifier, Air in, 317 
—, heat transfer rate in, 331, XLVI, XLVII 
—, laundry, 594, 606, 608 
—, movement in, 334, 335, XLVIII 

— temperature difference, 350 
Calorimeters, 213 
Calorimetry, 120, 186, 213, 234 

Can Cooling, Automatic Control of, 547 

— making machines, 713, 715 
Canteen Heat Requirements, 589, LXIX 
Capacity of Accumulators, 135, 439, 448, XV 
-boilers to meet peaks, 435 

—, heat, of pressure hot water and steam, 508 

— of traps, 190, 278, 298 
Carbon dioxide, LXX 

-for beer bottling, 621 

-from beer fermentation, 614 

-in flue gas, 576 

-in steam, 315 

-water, 320. 798-800, LXXX 

— monoxide in flue gas, 576 

— tetrachloride, 32, 33. 795, LXXVllI 
—, unburnt, in ashes, 576 

— in water. 800, LXXX 
Carbonising Coal, 568-570 
Carding Combs, Heating, 187 
Carnot, N.L.S., 91, 763 

— cycle. 91. 803 

Carry-Over, 23, 39. 190, 393, 405, LVII 
Cascade Heating, 88,483.486,652.657,724,736,761 
Cask Steaming, 620, 632, 633, 754 

— washing, 408, 612, 620, 629, 632, 633, 754 

— waxing, 632, 754 

Cast Iron, Corrosion Resistance of, 407, 724 

-economiser, 721, 724 

-heat conductivity, XIX 

-piping, 202, 203 

Caustic, B.P.E. of, 478, 492, 778 

— condenser, 780 

— cycle, 763, 777-782 

—, evaporation of, 478, 492, 781, 782 

— potash or soda. 377, 478, 492, 763, 777-782 

— washing in brewery, 622 
Cavendish, H., 695 

C.E.B., Central Electricity Board, 667 
Celsius, A., 31, 57 
Centigrade, 31, 57, 212 

— to Fahrenheit conversion, 212 

— heat unit, 32, 41 

•• Centipede ”, 408, 761 
Centipoise, 355. 787, LXXTX 
Centrifugal Pump, 669, 706 

-, power reduction*’of, 706 

-, — taken by, 704 

Chain Drive, 706, 709 
Chance, 682, 683 
Change of Stafe, 3, 42, 58, 59 
Chaplets, 367 

Characteristics of Displacer, 521 

-float valve, 520 

-tank control, 520, 521, 551 

-traps, 276, 294. 527, XLIII 

-valve gear, 265 

-opening, 549 

Chemical Composition of Water, 783 

— deaeration, 799 

— de-oiling, 184 
Chilling by Vacuum, 401 
Chlorine in Water, LXXX 
Chlorination of Water, 351 

Choice of Back Pressure, 125, 148, 149 

-boiler pressure, 142-146 

-lagging, 163, 165 

-power generating machine, 125, 148, 149 

-trap, 294, XLIII 

C.H.U. Centigrade Heat Unit, 32, 41 
Churn Sterilising Vapour Collection, 408 
Churning of Liquids in Pumps, 706 

-steam in turbines, 130, 242 

Circulation, see also Movement 

— in accumulators, 438, 447, 451 

— by air jets, 342 

—, benefits of, 333, 360 

— in brewing copper, 374 
-crystallising pans, 359-363 

— by displacer, 341 

— drymg cylinder, 504 

-economisers, 728-730 

-evaporators, 358, 360, 478 

—, forced, in crystallising pans, 359 
—, —, — evaporators, 352. 358 
—, —, heat transfer rate with, 358 
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CIRCULATION-CONDENSING 


Circulation, Forced, power needed, 340, 358, 339 
—, —, in tanks and vats, 337-343 

— by impeller, 340, 358, 339 

— in long pipe heater, 501 

—, mechanical, 336-341, 358, 359 
—• natural, in evaporators and pans, 352, 360 

—, —,-, speed of, 358, 366 

—, obstruction to, 353-355, 361-363 

— by paddle, 338 

— in press platens, 505 

— of pressure hot water, 308 

— by propeller, 337 
-pump, 339, 358 

— rate, 358, 366 

—, scale removal by, 358 
—, steam, see Steam Circulation 

— by steam jet, 343 

— of water by small turbine, 150 
Circulator, Economiser, National, 729 
—, steam, 501, 503 

Clausius, R. J. E., 92, 763 
Cleaning Air Heaters, 377 
Climbing Film Evaporator, see Film 
CO, Carbon Monoxide, 576 
CO.,, Carbon Dioxide, q.v. 

Coal, 564, LXII 
—, bituminous, LXII 

— consumption of back pressure machines, 113, 114, 

120, XII, XllI 

-brewery, 562, 612, 628, 629, 633, 634 

-collieries, 563 

-, comparative, for power generation, 118, XII 

-of condensing engines, 115, XI 

-gas works, 563 

-grid, 108, 109, 118, XII 

-laundry, 562, 605, 610 

-, measuring, 573, 583 

-of power stations, 108, 109, 561, 656, 670 

-sugar refinery, 559, 562 

— costing, 674 

— fire, domestic, 571, LXIII 
—, hard steam, LXII 

—, heat content of, 564, LXII 
—, heating by, LXllI, LXIV, LXV 

— meter. Lea, 238 

— weighing, 563, 573. 575, 583 

Cocks, Unsatisfactory Performance of, 205, 381 
Coefficient, Correlation, 682 

— of heat transfer, 326 
—, orifice, 230 

— of performance, 474, 768 
Coke, Coke-oven, 569, LXII 

— consumption, measuring, 583 
—, gas-works, 568, LXII 

—, heating by, 571, LXIII 

-oven, 569, 570 

-gas, 569, LXII 

— stove, 571, LXIII 
Coil Evaporators, 364 

— pans, 352, 354, 361, 362 

Coils, Heat Transfer Rate from, XLVI, XLVII 
—, obstruction to circulation of, 344, 353, 354, 361, 
362 

—, tank, air removal from, 322 

—, —, draining, 304, 305 

—, —, steam locking, 304, 305 

Cold End of Economiser, 720, 722, 729 

-heat pump, 769 

-jet condenser, 416 

Collecting Condensate, see Condensate. 

— flash, sec Flash 

— vapour, see Vapour 
Colliery Accumulators, 462, 466 

— heat input, 563 

-and power costing, 679 

— mixed pressure turbines, 133, 466, 679 

— peak loads, 420, 431, 448 
Collisions, Molecular, 4, 789, 790 

Column, Mercury, 28, 206, 207, 218, 219, 536, 543 

— , water, 25, 206 

Combined Power and Heating, 111 «/ seq. 

-, efficient, 113 

_, Inefficient, 114 

Combs, Wool-Carding, Heating, 187 
Combustion, Effect of Automatic Control on, 519 

—,-peaks on, 423, 424 

Commutator, Valve Gear Anology, 694 
Compensation, Automatic Control, 527, 529, 530, 
537. 538, 549, 550, 551, 553, 555 
Compound Engines on Light Load, 264 

_— for pass-out, 131 

flash cooling, 402 


Compound Flash Recovery, 395, 399, 484, 495, 496 
Compressed Air for Automatic Control, 531, 536 
543, 554, 555 

-, leakage loss from, 160, XVI 

Compressor, Refrigerator, 766, 769 
—steam, 763 

Compression Condensation Cycie, 803 

— in engines, 245, 259, 264 
-, lack of, 264 

—, thenno-, 493, 763, 777 
—, turbo-, 493, 763 

Concentration, see Evaporation, Evaporator 
Concrete, Heat Loss thro*, 587, LXVIII 
Con-current Heat Exchanger, 350 

— jet condenser, 412, 415 

Condemned Economiser, Use for, 719, 731, 732, 733 
Condensate, Air Removal from, 320, 799 

— collection, 637, 647, 652, 742, 753, see also below 
-pockets, 190, 502 

—, contaminated, 117, 324, 460, 761 
—corrosive, 320, 799 

— from evaporators, 470, 484 

— film, formation of, 317, 326 

-. heat transfer rate thro’, 299. 326, 329, 330, XLV 

— flash, see Flash 

— handling, see Condensate Removal 
—, heat in, 44 

—,-, using, 398 

— lift fitting, 304 

— lifting, 190, 293, 306, 498, 761 

— loss, 742 

— measurement, 234, 255 

—, minimising flash from, 391, 398 

— from M.E. evaporator, 476, 484 
—, pumping hot, 312, 761, XLIV 

— recovery. 637, 647, 652, 742. 753 

— removal, see also Draim'ng 

-by barometric leg, 308, 761 

-circulator, 501, 502 

— -gravity, 307 

-in M.E. evaporators, 476, 484 

-by pump, 312, 761 

-scoop, 302, 760 

-steam pressure, 761 

-trap, 276-306 

-U-tube, 309, 310, 311 

— return, high level, 190, 306 
—, using heat of, 398 
Condensation, 15. 87, 779 

— in caustic, 780 

— chambers for steam meter, 223 

— by compression, 803 

—, cylinder, see Cylinder Condensation 
—, drop, 348, 354 

— on economiser tubes, 722-726, 729 
-, curing, 729 

— at elevated temperature, 779, 780 

— is equalisation of vapour pressures, 15, 779 
—, film, 348 

— from flue gas, 722-726 

— of steam, 15 

Condenser, Air in. Effect of, 404, 413-416, LIX 
—, — removal from, 323, 413^19 
—, barometric, 412, 416, 761 
—, benefit of, for power, 82 

— on brewing copper, 408, 629, 631 
—, caustic, 780 

— charges, electrical, auto-control by, 547 
—, con-current, 412, 415 

—, counter-current, 412, 416 
—, de-aerator, 320 
—. dry, 412 

—, effect of air in, 404, 413-416, LIX 
—, ejector, 412,418 

—, electrical, automatic control by, 547 

— heat, use of, 153 

—, heat transfer rate in, 331, XLVI, XLVII 
—. jet, 15. 323, 401, 412, 416, 417, 761 
—, —• vacuum obtainable with, 413-416 
—, low level, 412, 419 
—, parallel current, 412, 415 
—, spray, see Spray Condensers 
—, surface, 15, 323 
——, air removal from, 323 
—, —, on brewing copper, 629 

— temperature, 413, 414, 415, 537, 761 
—, thermostatic control of, 537, 761 
—, water needed by, 413, 414, LIX 

—, wet, 412 

—, vacuum in, 413, 414, 415 
Condensing Engine, 124, 127, 153, XXXIX 
-, coal consumption of, 115, XI 
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CONDENSING DECOUDEN 
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Condensing Engine, conversion to back pressure, 153 

-, efficiency of, 115, 240, XXXIX 

— 

— set. 1*24, 127 

— turbine. 108, 109, 124. 127, 132, 134, 154, 240, 

XI. XII, XXXIX 

-• conversion to back pressure, 154 

Conductance, 326 
Conduction, 18,161, 162, XIX 
Conductivity, 326, XIX 

— of air, 18, 162, 326, 329, 330, XIX, XLV 
-lagging materials, 162, XIX 

-metals. 18, 162, 326, 327, 329, 330, XIX, XLV 

-scale, 162, 326, 328, 329, 330, XIX, XLV 

-water, 162, 326. 329, 330, XIX, XLV 

Connections, Pressure, to Meter, 222, 224, 225 
Consequential Savings, 757 
Constant Pressure Accumulator, 135,461,462,463 
-cycle, 69 

— volume accumulator, 438, 447, 453 

- of boiler, 74, 78 

Constriction, Steam Flow thro*, 218 
Consumption, Coal, see Coal Consumption 
—, steam, see Steam Consumption 
Contact Drying, 598, 609 

— heating by steam, 48, 176. 235, 325, 378-389 
Contaminated Condensate, 117, 324, 460, 761 
Continuous Blow-down, 399, 400, 761 

— weighing machines, 238 

Control, Automatic, see Automatic Control 
—, remote, 530 
Convection, 18, 161, 162, 336 

— U-tubc, 310 

Conversion of Condensing Engines, 153 

-Turbines, 154 

-energy, 52, Vll 

— factors, LXXXI 

— of heat, 572 

-non-condensing engines, 155 

— to pass-out, 156 

— of pressure. 206, XXXII 

— — temperature scales, 212 
Conveyors. 547, 704, 707 
Cooled U-tube, 311 
Cooling of Beer, 625 

— by brine, 340 

— of cans, automatic control of, 547 
- engine cylinders, 80, 120, 245 

— by flash, 46. 761 

— -^ compound, 402 

--, simple, 401 

— of liquid surface, 464 

— — steam, 22 

-tanks, 464 

-turbines, 130, 242 

— water, condenser, 413-416, LIX 

— — measurement, 255 

— of wort, 612, 615 

C.O.P., Coefficient of Performance, 474, 768 
Copper, LXX 

—, brewing, see Brewing Copper 
—, heat conductivity of, 162, XIX 
—, — transfer thro*, 326, 327, 329, XLV 
Cork, Heat Loss thro*, XIX, LXVIII 
—, insulating properties of. 19, 163, XIX 
Cornish Boiler, 45, 734 
Correlation Coefficient, 682 
—, significance of, 683, LXXI 
Corrosion of Automatic Air Vents, 379 

— by distilled water, 799 

— of economiser, 722-726, 729 
-steam plant, 315, 799 

— — steel pipes, 404, 799 

-tank tops, 464 

-water plant, 761 

Corrosive Condensate, 320, 799 

— materials, evaporation of, 358, 491 
Corrugated Asbestos, Heat Loss thro*, LXVIII 

— iron, heat loss thro*, LXVIII 
Cost, see also Costing, Costs 

— of aluminium paint, 169 

-automatic controls, 535, 537, 550, 557 

— comparisons, short term, 678 

— of electricity, see Cost of Power 

— — hold-ups, 551 

-lagging, 166, 167, XXXI 

— — M.E. evaporator, 666 
-overtime, 673 

-piping, 204, XXXI 

-power, back pressure, 120, 679, XIII 

-, condensing, 119 


Cost of Power, Pass-out, 567 

-station savings, 666 

-simple steam flow nieter, 216 

-steam saving plant, 666, 667, 668, 757,758, 759, 

760 

-stoppages, 551 ^ 

Costing, 558, 671, see also Cost, Costs 

— back pressure electricity, 120, 566, 676, 679, XIII 

— boiler auxiliaries, 676 

— electricity, 671, 676, 679 
—, gross or net, 676 

— maintenance, 675 
—, over-elaborate, 558 

— overheads, 671, 677 

— pass-out power, 567, 679 

— power, 671, XllI 
—, process, 671 

—, services, 671, 672, 676, 679 

— steam, see Steam Costing 
Costs, see also Cost, Costing 
—, bogey, 678 

—, standard, 678 

Cotton Washing, 595, 596, 607, 608 
Couching, 749 

Counter-Current Condenser, 412, 416 

— heat exchanger, 350 
Coupling, Hydraulic, 709 
Covering Tank Tops, 464 

Cracking Scale off Heating Surfaces, 375, 377 
Creased Bfnd, 192, 198 
Critical Point, 42 

— pressure, 42 

— temperature, 42 
-for lagging, 743 

Crystallisation, 360, 361, 373, 746, 752, 761 
Crystallising Pans, 352, 355, 359-363, 372, 373, 
761, LI 

-, heat transfer rate in, 363 

-, high yield, 363 

-, waste of steam in, 373 

Current, Alternating, see Alternating Current 
—, direct, see Direct Current 
—. full load V. idle current, 713, 716 
—, opposing, in motors, 695 
—, three pheasc, 694 
—, wattless, 694, 697 

— waves, 694 

C.V., Calorific Value, 564, see also Heat Content 
Cycle, Binary, 803 
—, B.P.E., 763, 777-782, 

—, Carnot, 91, 763, 803 
—, compression-condensation, 803 
—, constant pressure, 69 

— efficiency, 55, 81, 108. 114, 656, 657 
—, expansive, 77 

—, gas, 803 

—, heat engine, 765 

—, — pump, 767 

—, irreversible, 73, 74 

—, refrigerator, 766 

—, regenerative, 88, 89, 108, 736 

—, reheat, 86, 89 

—, reversible, 73, 77 

—, varying pressure, 70, 77 

Cylinder Condensation, 80, 245, 262, 264 

-, indications of, 262, 264 

-, reduction of, by jacket, 245 

---, — superheat, 80, 246 

—, drying, see Drying Cylinder 

— jacket. 245, 246 

— lagging, 243 

Cyundrical Tank Capacity, LX 
-liquid surface, 443^ LXI 


Dalby, W. a., 805 

Dalton’s Law of Partial Pressures, 318 
Damming a River, 768 

Damage to Products by Heat, 176, 355, 387, 401, 
482, 493, 746 

-traps by frost, 296, XLIII 

-turbine blades, 82, 274 

Darling, C. S., 805 
D.C., Direct Current, q . v . 

Dead Piping, 189 

— weight safety valves, 437, 524 
De-aeratton, 320, 799 

—, chemical, 799 

— by flash. 320, 761 

-boiling, 320 

De-aerators, 320, 761 
Decouden, 300 
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DBPBCra, Enoinb, 250, 262, 264. 269-272 
—, turbine, 250, 274 
*—»welding. 203 

Deucatb Products, DismLATioN or, 387 

-, evaporation of, 353, 355, 371, 482, 493, 755 

-, heating. 176, 401 

Delta Connection. 700, 701, LXXIII 
Density op Air, 317 

— controller, automatic, 536 

— of material, eiOfect on heat transfer rate, 333, 334 
-steam, 42, 317, 318 

-water, 281, 787, 795 

Deodorising op Fats, 388 
Dboiuno of Condensate, 184 
-steam, 184 

Deposit on Turbine Blades, 274 
Descaling Evaporators, 377 
Desuperheater, dry, 146,185 
—, saturated, 185 
—, thermostatic, 185 
Desuperheating, 49,146, 176,185 
—, loss by, 662 

Detector, Impulse, see Automatic Control 

Dew, Composition op, 800, LXXX 

— point of flue gases, 722, 724, 725, 737, LXXtV 

Diagram, Entropy, see Entropy Diagram 

—indicator, see Indicator Diagram 

—, Moluer, 106, 107, 144, 146, 657, 679 

—, pressure/volume, 125 

—, Sankey, see San key Diagram 

—, scatter, 680, 684 

—, steam power, 54,105, 106 

—, — —, construction of, 58-61, 64-68 

—, temperatufe/entropy, 68, 105 

—, total heat entropy, 106 

Diaphragm, Controller. 537, 541, 555 

—, expansion, 192, 195 

— valve, rubber. 205 
Diatomite, 19, 163, XIX 

Difference, Temperature, see Temperature 

Diffusion of Air and Steam, 330 

Digesters, Paper Mill, 760 

DiHYDROL, 784,789 

Dilution, Heat of, 782 

Direct Acting Pump, 78, 116, XII, XXXIX 

_traps, 277-288 

— contact heating, 48, 176. 235, 325, 378-389 

— coupled motors, 711 

— current auxiliaries, 669 
-electricity, 693 

-motors, 711 ^ 

— injection, heating by, 48, i76, 325, 378-389 

--plant maintenance, 325 

_, loss by, 48, 176, 385 

_, steam estimation, 235 

Dirt in Air Heater, 377 

— trap, 190, 297 

Discharge Rate of Accumulators, 393, 442, LVI 
_traps, 190, 278, 298 

— tube, fluorescent, 547, 718 
Displacer CiRCULAnoN. 341 

_as float substitute, 521, 552-555 , 

Distillate, Handling see Condensate ana Draining 
Distillation of Aniline, 388 
steam. 387. 388 

— under vacuum, 387, 388 

— of water. 117, 375. 376. 761, 762 
Distilled Water, 117, 320, 761, 762, 800 
_, corrosion by, 799 

_production, 117, 550, 761, 762 

_, 100% make-up, 762 

Distjllfry, 474, 730 

Distortions on Indicator Diagrams, 264 

__ in piping, 194, 200, 244 

Distribution Loss, Power, 109, 697, 804 
steam, 175, 187 

high or low pressure, 175 
low pressure, 183 
-, provision for orifices in, 187 
and steam quality, 180 
-, superheated, 50, 180, 183 

Domestic Hot Water, 589, 761, LXIX 

DouMJ^’^PECT Evaporator, 467,470,473, 638, 640, 
641 ^ 

Draining Drying Cylinders, 300, 301, 302, 760 
_heating surfaces, 300-313 

— high pressure pipM»,i90 
_jacketed pans, 304, 759 

— pipes, 190, 759 


Draining Press Platens, 300, 301 

— tank coils, 304, 305 

— unit heaters, 306, 398 

— vacuum spaces, 293, 308 

Draught Shortage with Economiser, 740 
Draughts. Air, Heat Loss dub to, 170, XXVI 
Drier, Ajr. 234, 598, 

—, —, underloading of, 748 
—• beet pulp, 651 
—. contact, 598, 609 
—, flue gas heated, 651, 653, 733 
—. meal. 643. 651. 65J , 

—, rotary, drivmg, 707, 710, 713 
—, steam, 181 
—, — heated, 637, 643 

_,_, measurhig performance of, 234 

Drive, Chain, 706, 709 
—, lineshaft or individual, 703 
Drop Condensation, 348, 354 
—, heat, see Heat Drop . ., ^ 

—, pressure, power *^Vvv\/i 

_, —- unrecovered, across orifice, 2^, xxxvi 

—, temperature, we Temperature Difference 

— valve indicator diagram, 265 
-engine tests, 269 

Droi'S, Water, see Water Drops 
Dry Condenser, 412 

— desuperheater, 146, 185 

— saturated steam, 20 
Drying. 8 

—. air-, 234, 589. 609. 748 

— ,—, wastefulness of, 748 

— cylinder, removal of air from, 322 

-condensate scoop, 302,760 

-dip pipe, 302 

-, draming, 300, 301, 302 

-, —, power saved by, 302, 760 

-, flash co'lection from, 396, 397 760 

-internal surface of, 302 

-, laundry, 598, 609 

-, power required, 302, 760 

-with pressure hot water, 511 

-with steam circulation, 504 

-, steam locking in, 302 

-, underloading of, 748 

—, contact, 598, 609 
—, heat or energy loss by, 8 
—, laundry, 598, 609 

— of puddle, 8 

— steam, 181, 235 
-by wireorawing, 182 

— textiles, 598, 609, 749 
Dublin Water, LXXX 

Ducts, Vapour, Construction of, 407 
Dust on Air Heaters, 377 
Dyp Vat, Steam Waste in, 48, 176, 343, 385, 427 
-, vapour collection from, 403, 408 

— works, 143 

-peaks, 422, 431 

-, water removal in, 749 

Dynamo. 52. 526. 694 


Ebulution, Effect of, on Heat Transfer Rati, 
Econom c Boiler, 45, 734, LXV, LXVI 
EconomHSEr, 113, 633, 719-740 

— with accumulator, 457, 458 

— as air heater, 733 

— V. air heater, 724 

— V. bleed heater, 736 

— and boiler compared, 720 
—, byepassing, 728, 730 

—, cast iron, 721,724 
—, circulation in, 728, 729, 730 

— and cold feed, 729 

—, condemned. 719. 731 732, 733 

— condensation, 722, 726, 729 

— corrosion, 722, 726, 729 

— and draught shortage, 740 
—, economic life of, 726 

— and feed pump capacity, 728 

-water temperature, 720, 724, 728, 729, 730 

—, flash steam from, 728 
—, Green’s, 721, 724 

— heating surface, 345, 720 

— heat transfer rate, XLVI 

— on kilns, glass tanks and furnaces, 719, 737 

— loo large, 730 

— limits, cool end, 720, 722, 729 

-, hot end, 720,721,728 

-, widening, 719, 727 
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fcoNOMisEit, Low Pkessukb. 730, 731, 732 
. old boiler as, 734 
—, orthodox, action of, 720 

performance for checking boiler efficiency, 577 

— pitfalls, 740 

•*— at preheater, 730 

and pressure hot water, 516 
•— for process heating, 719, 731 

— recirculation, 728, 729, 730 
—savings from, 726 

— for space heating, 730, 731 
—, steam formation in, 721, 728 

— in super power station, 736 
—sub-, 633, 736, 739 

—• —, replacing turbine bleed, 736 

— tube scraper, 724 

—, water/gas temperature relation in, 577, 727 

— water hammer, 721, 727, 728 

— -, curing, 728 

-outlet temperature, 721 

—, widening scope of, 719, 727, 735 
Effect, Double, Multiple, Sinole, Triple, etc., 
see Individually 
EpnasNCY, Apparent, 651 
—‘ of back pressure power, 113, 114, 249 
—, basic, 55 

— of boilers, see Boiler Efficiency 

-combined l.C. engine and heating, 159 

-steam power and heating. 111, 113, 114 

—, comparative power generating, 118, XII 
—, wcle, 55, 81. 108, 114, 657 

— of condensing engine, 115, 240, XXXDC 

— -power station, 108, 109, 561, 659 

-engines and turbines, 104, 108, 109, 113, 114, 

115, 240, XXXIX 

-feed pump, 84, 669 

-generators, 108, 109, 113, 656. 659 

-heat pump. 767, 768, 7/0. 772, 775, LXXV, 

LXXVI 
ideal, 55 

—, mechanical, 252, 256 

— of M.H. effect evaporation, 473, 474, 475, 479, 480, 

481,483, 484 

— over 100%, 474, 768 
—, performance, 474 

— of power station, 108, 109, 561, 659 
—, Rankine, 55 

— ratio, 55, 85. 104, 108, 109, 253, 603, 611. 635, 648, 

658, 659, 770, 772, 775, IX, X, XLII, LXXV. 
LXXVI 

— in star and delta, 701 

— of steam heating, 110 
—, thermal, 55, 659 
“Efficient Use of Fuel,** 805 
Effluents, Warm, and Heat Pump. 775 
Ejector, 320, 390, 669 

— action of jet condensers, 418 

— circulator, 501, 503, 729 

— condenser, 412, 418 
Elbo>v, Pipe. XXVIII 
Elevators, Speed of, 704, 707 
Electric, see also Electrical and Electricity 

— bulb size, 718 

— dynamo water analogy, 694 

— generator, 694 

— lighting, 718 

— motor, 694 

-j back E.M.F. from, 695 

-, current taken by, 695 

-, direct current, 711 

-, induction. 712. LXXIII 

-, number of poles, 711, 712 

-oversize. 702, LXXIII 

-on star and delta. 700, 701, LXXIII 

-, synchronous, 694, 698 

-, water analogy, 694 

— radiator, 94, 565. 571, 696, LXIK 
Electrical, sec also Electric and Electricity 


— amplification, 545 

— energy, 51, 53, VIII 

— flow, 63 , 694, 695 

— heat equivalent, 52, 565, 566, 567, 585, VIII, LXll 

— heating of pipes, 346 
-a room. 571, LXIII 


-water, 565 

— operation of automatic Controls, 526, 528, 531, 

^37, 546. 547, 553 

— power, 53. VIII, see also Power 

-, coal required for back pressure, 113, 114, 120, 

566. XU. XIII, XIV 

__,-combined power and heating, 113, 


114 


Electrical Power, Coal Required for Conden* 
siNO Engine, 115 

Z Z; Z Z Z 109. 561. 656 

— pressure, 693 

— resistance, 695, 696 
Electrically Driven Heat Pomp, 771 
Electricity, see also Electric and Electrical 
—, costing. 120, 565, 566, 567, 671, 676, 679 

—, heat content of, 52, 565, 566, 567, 585, VIII, 
LXII 

—, heating effect of, 696 

—, public supply, 119, 124, 128, 140, 676, 691, 697, 
699, XII 

— rates, 119, 804 
—, selling, 140, 804 

Electroflo Automatic Control, 557 
Electrons, 785 

Elevation of Boiling Point, see Boiling Point 
Elevation 

Elevators, Speed of. 704, 707 

E.M.F., Electromotive Force, Back, 695 

Endothermic Reactions, 235, 751 

Energy, Available, Basis for Steam Costing, 679 

— conversion, 52, Vll 
—, electrical, 51, 53, VIII 

— equivalents, 52, VII 

—, evaporation absorbs, 8 
—, external, 78, 116 

— flow. 15. 17. 779 
—, heat, 51 

—, heat is, 7 
—, internal, 78 
—, kinetic, 3, 14, 51 
—, mechanical, 7, 51, 52, VII 
—, molecular, 3, 7, 51, 778. 789, 790 
—, potential, 3, 51 
—. thermal, 51, 52, VII 
Engine, 52, 54 
heat, 54. 157 
—, —, cycle, 765 

—, I.C., waste heat from, 158, 159 

— indicator, see Indicator 
—, peaks, effect on, 429, 430 

— room telegraph, 432 

—, steam, see Steam Engine 
—, steering, 530 

— -, warming, see Heat Pump 

—, winding, see Winding Engine 
Entrainment, 23, 39, 190, 393, 405. LVU 
Entropy, 34, 92-95, 99 

— diagrams, 58-70, 74, 77, 80, 82, 83, 86, 88, 89, 92 

95, 106, 736, 765, 775, 794, 796, 803 
-, cutting corner off, 87, 88, 724 

— increase, 94 

—, numerical value of, 95 
—, practical use of, 99-103 

— /temperature diagram, 68, 105 

— /total heat diagram, J06, 107 
Equalisation of Temperature, 17 

-vapour pressure, 1 5, 779 

Equivalent, Energy, 52. VII 

—. electrical, 52, 565, 566, 567, 585, VIII, LXII 
—, mechanical, VII 
—, power, 53, VIII 
—, pressure, 206, XXXII 
Erosion of Turbine Bladf^, 82, 274 
Escape of Heat, Preventing, 160, 161, 742 
Estimating Boiler Efficiency, 574, 577, 582, 637 
LXVI 

-output, 580 

— steam consumption in process, 235 
-engine, 254 

-injected, 235 

-production. 580 

-savings, 757 

— superheat, 578 

" Evaporating, Condensing and Cooung Appara¬ 
tus *’. Hausbrand, 805 
Evaporation, 8, see also Evaporator 

— in brewing copper, 374, 612, 617, 631 

— calculations, 376, 471, 494, 495, 640, 641, 642. 652 

— of caustic, 478, 492, 781, 782 

-corrosive materials, 358, 491 

—, cost of, 535, 536. 551 

— of delicate products. 353, 355, 371, 482, 493, 755 
-food extract, 638, 640-642, 651, 652 

— energy, 8 

— of golden syrup, 369 
—, heat loss by, 8 

—, — split during, 470 
“ — and Heat Transfer **, Badger, 805 
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Evaporation at Low Tbmperatorb, 35, 36 

— of milk, 36,480, 755 

— in multiple effect, see Multiple Effect 

— and power generation compared, 490 

— of process washings, 37, 640, 652 

-salt solutions, 372 , - , lAt. 

—, savings by reducing saturation of solution, /4o 

—,-water content, 745, 750 

—, self, see Flash ^ 

— of sugar solutions, 357, 369, 478, 480, 746, 750 

— temperature, effect of, 35^7, 365 

— under vacuum, 36, 355, 357, LIl 

— of water, 365, 376, 761, 762 

Evaporator, see also Evaporation and Multiple Effect 

— accumulator, 460, 467 
—, back pressure, 490 
—, blowdown, 491, 761 

— calandria, standard, 295, 5/2, 522, 525, 352, 364, 

365, 366, 369, 371, 372, 376, LIIl 

— circulation, 358, 360, 478 
—, coil, 364 

—, comparison of types, 371 

— condensate, 470, 484 

467. «0. 473. 628 640 64. 

—. efficiency of. 473,474.475,479,480,418, 483,484 
•— on exhaust steam, 480, 762 
-- exhausting to turbine. 490 

— feed heating, 481, 483, 485, 488, 490, 761 

— feed methods, 481, 482 
-puinp, 482 

—, film, see Film Evaporator 

— flash collcriion, 484, 652, 761 

—, horizontal, 352, 370, 371, LI, EIH VT Vll 

— heat transfer rate, 328, 331, 358, 369, 371, XLVli, 

—, hydrostatic head i^’. 365, 367, 368 
— Kestner, 352, 367, 368, 369, 371, LI, LlII 
Lilue, 300. 352. 370. 371, LI, LIE 
liquid level in, 366, 367, 761 
—, long tube, 328, 352, 367, 368, 369 

— losses, 477, 480 

multiple effect, see Multiple Effect 
—, overheating in, 360, 365 

— performance, 371, LIU 

-efficiency, 474 

-, foretelling, 356, 371 

— quadruple effect, 469, 494, 550, 761, 762 
—, quintuple effect, 494. 496 

— replacing reducing valve, 117, 376, 476, 761, 762 

—scab^i^rrnatfon and removal, 328, 375, 377, 491 

— , short tube, 328, 352, 364, 365, 366, LI 

— .single effect, 470 , 471, 488, 64- 

— stage vapour heating, 370, 483, 485, 486, 490, 6. 

_ standard calandria, 295, 5/2, 525, 352, 364, 360, 

371.376, LIU . 

— surfacc/volume ratio of, 352, 353, LI 

—, temperature difference across, 478, 479, 4^ 

—; triple effect. 475-485, 495, 651. 652, 656, 664, 760 

— and turbine compared, 490 

— types, 352, 364, 371, 373 
unit, 656, 657 

486. 488. 490, 652. 664 

- — velocity, 369, XXVII 
—, water, 375, 376. 761 

Excessive Speed of Machines, 704, 707-710 
Exchanger. Heat, see Heat Exchanger 
Exhaust Accumulator, see Accumulator 

— to atmosphere, 71 ^ 4 :< 7 q h aa 758 

ni’ 

_for feed water heatmg, 729, 738, 758, 759, /ou 

— line, indicator, 259 
_ 108^ 108,137,742 

_ low pressure, 82,125 

-’.Sly. 148 184,247 

— from power station, use of, 108 

in. 113, 114. 123. 124. 125. 

quaUty^^dmg. 

— State, 79, 80, 131, 144, 145, 146 

— steam accumulators, see Accumulator 
_blowing off, 126, 129 

•«_Engineering Darling, 805 


Exhaust Steam, seluno, 137 
_storage, see Accumulator 

ZCS^riM.’l3A 148.149.466.490 

Z valve*'£aSg®| 266. 270, 271 

-setting. 262, 26A 

—. volume oL 100 
—, wetness of, 80, 82, 100 

— from winding engtoe, M8 
Exothermic Heat, 235, 614, 751 
Expansion Bellows, 194 

lol 198 

-1i?a'S*oil'of!%n6 

-tt“^.lSir!iy^oL7p.ll6 

— joint, sliding. 192. 193 

— line, entropy diagram, 77, 9i 

— —, indicator, 259 

— loop, full, 192. 197 
-.lyre, 192, 196 

_^ resistance of, XXViii 

—, mysteries ofs 201 

— of pipes, 192-203, 

—, s»uperhealing, by, 48, 74, 182, VI 

— traps, see Traps 
-as air vents, 321 

— of water mto steam. 42 

— and wiredrawing, 48, 74, loZ, vi 
Expansive Cycle, 77 

ExpSimetSts. Cautious Interpretation of, 688 
External Work, 78, 116 
Extract, Food, see Food Extract 
Extraction Pump, 482, 758 

— turbine or engine, 124 


Faber, O., 763,805 
Factor, Conversion, LXXXI 

_, power, see Power Factor 

Factories. Visiting Other, 593 
Factory Lighting, 718 
Fahrenheit. G.D., 30, 57 

— to centigrade conversion, 212 
Falling Film Evaporator, 368, 369 
Fans, Bad Design of, 705 . 

—.oversized, 705 
—, power taken by, 704, 705 
—, speed reduction of, 705 
—, steam driven, 150, 740 
Fats, Deodorising, 388 
Fled, Backward, 481, 482 
—, forward, 481, 482, 483 

— heating for boilers, see Feed Water 

-for evaporators, 481, 483, 485, 48^490, 761 

_in M.E. evaporators, see Multiple Eucet 

—.parallel 481 

pump and economiser, 728 

--efficiency, 84, 669 

-energy, 84 

-for evaporators, 482, 7ol 

-exhaust, 729, 738, 758, 759, 760 

_power taken by, 39, 84,104,110, 116, 436, C69, 

706,71 

-for pressure hot water, 514 

_suction. 312, 738,, XLW 

_water accumulator, see Accumulator 

_—^by'b’ledtVeam, 88, 89, 136, 411, 490, 656, 

657, 724, 736 

-economiser, see Economiser 

-by exhaust, 729, 738, 758, 759, 760 

-flash, 394.411 

_flue gas. 720. 730. 731, 739 

-multiple flash, 411 

__ — for pressure hot water, 515 

— — regulator, 761 
-tanks, 738 

-temperature, effect on hoiler OL 579 

— , —. — economiser of, 720,724, 728,729, 730 
Feeding Branch Pipes, 174, 202 

Fermenting Beer, 612, 614, 629 

Fibre Board, Heat Loss thro\ 587, LXVIIl 

Fiducial Limits, 685, 686, 687 

!i:'^.^ffl»fi«.’316.326.3».330.XLV 

— boiling, 348 

—, condensate. 293. 317, 326, 329. 330. XLV 
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FlOM Condensation, 348 

— evaporator, 352, 354, 369, LHI 
-climbing, 367, 369. LDI 

* air admission into, 367 
-- —, hydrostatic head in. 367 

— —• —, instability of, 367 

-7-. Kestner, 352. 367, 368. 369, 371. LI, LIU 

-, falling, 368, 369 

-, —, fe^ distribution in, 368 

-, —, hydrostatic head in, 368 

-, Kestner, 368, 369 

-, heat transfer rate in, 328, 369 

- , horizontal, 370, LI, LIII 

-—, Lillie, 300, 352, 370, 371, LI, LIII 

-. Yaryan, 370 

- • hydrostatic head in, 367, 368 

-, performance of, 328, 369 

-, pressure drop over, 367, 368 

-, surface/volume ratio in, 352, LI 

-, temperature gradient in, 367, 368, 371 

-, time of material in, 352, 368, 371 

-vapour velocity, 369, XXVII 

—, scale, see Scale 
—, water, see Water 
Filter Press Controller, 535 
filtration, 401, 535, 750 
financial Aspects of Steam Savinq, 757 
Finishino Textiles, 749 
Finned Heaiing Surfaces, 306, 344, 398 
fire. Gas, 571, LXIII 
—, open coal, 571, LXIII 
FISHBNDEN, M, 366 
Fisher & Yate.;, 683, LXXl 
Fmwos, Pipe, Resistance of, 173, XXVIII 
Fixed Steam Consumption, 121, 122, 241, 680, 681, 
684, 688 

Flanos, Pipe, 203, XVni 
—, —area of, XXIV 
—. —, blind. 189 
—, —, lagging, 167 
—, —, leaks from, 160, 167 
Flash, 44. 45, IV 

— from accumulator, 39?, 439, 440, LVI 

-blowdown. 399,400,410,411, 495, 496, 660, 761 

— collection, 44, 744 

-, compound, 395, 399. 484, 495, 496 

-, economic, 391, 744, 753 

-, evaporator, 484, 652, 761 

-, hot well, 394, 395 

— , laundry calender, 396 

-, paper machine, 397, 760 

-, simple, 394 

-, thermostatic, 394 

— cooling, 46, 761 

-, compound, 402 

-, simple, 401 

— correction for condensate measurement, 234, V 

— de«aerators, 320, 761 

— from economisers, 728 

— in evaporator condensate, 470, 484 
-feed, 481 

—, gradual v instantaneous, 440 

— heating of buildings, 394 

-feed water, 394, 411 

-to equal L.P. efficiency, 398 

—, instantaneous v gradual, 440 

— loss, 391, 742, 744 

—, multiple, 410, 411, 484, 495, 496, 761 

— pot, see Flash Tank 

— for power, 410, 411, 660 

—reduction of, 306, 391, LTV, LV 
—- — by low pressure, 392, LIV, LV 
—, reasons for minimising, 391 

— tank construction, 396, 399 

-size, 393, 395, 396, 399, 660, LVI. LVII 

— from water surface, permissible, 393, LVI 
Flashing .vacuum, 409 

Float, Buoyancy of, 278. 280, 281, 283 

— control, 519, 520 

-by chain and cam, 520 

-characteristics, 52C 523 

-range, 520, 523 

—, shortcomings of, 521 
—, solid. 280, 292, 761 

— trap, see Trap 

— valve, 519, 520 

—, water density effect on, 281 
Floating Tank Outlet, 384 
Floor, Heat Loss thro% 587,602, LXVIII 
Flow, Air, Measuring, 238 
—, average, control of, 520, 551 

— control, overriding, 537 


Flow of Electricity, 693, 694. 695 

-energy, 15, 17, 779 

-heat, 15, 17,779 

-liquids, fluctuating, 520 

— meter, Kent, 543 

_meter, steam, see Steam Flow Meter 

-, tank float is, 523 

-water, see Water Meter 

— sheet, brewery, 6i2, 613, 62J, 627, 629, 633, 634, 

— of steam, see Steam Plow 

_thro’ orifice. 218, 229. 230. 232 

—. streamline, transitional, turbulent. 334 

— of water, XXVIl 

_thro’ orifice. 236, XXXVII 

_V-notch. 237, XXXVIII 

Fluctuations, Smoothing, by Automatic Control, 
519, 520 

—, —, by tanks, 520 
Flue Gas, Acid, 722-726 
-condensation, 722-726 

— — dew point, 722, 724, 725, LXXIV 
-for feed heating, 720 

-heated driers, 651, 653, 733 

-, sensible heat in, 576 

— — temperature and economisers, 577, 720-730 
-, unburnt CO in, 576 

-for water heating, 720, 730, 731, 739 

Fluff on Air Heaters, 377 
Fluids, Heat Engine, 796, 803 
Fluorescent Lighting, 718 
Flushing Tank, W.C., 521 
Follow-up Mechanisms, 529, 530 
Food Extract, 637-655 

-bogey, 654 

-boiler performance, 648 

-condensate recovery, 637, 647, 652 

-efficiency, apparent, 651 

-evaporation, 638, 640, 641, 642, 651, 652 

-heat balance, 637-655 

-consumption, 649 

-heating process water, 645 

-raw materials, 644. 652 

-power generation, 648 

-Sankey diagram. 650, 654 

-savings, 655 

-space heating, 646 

Foot-Pound, VII 
Foot Switch, 716 

— -ton, VII 

Forced Circulation, see Circulation 
Foretelling Evaporator Performance, 356, 371 
Forge, Steam Savings in, 758 
Forward Feed, 481, 482, 483 
Foxboro Automatic Control, 532, 557 
Freezing of Pond, 795 
Frequency Changing, 712 

— reduction, 708, 709, 712 
Friction, Turbine Blade, 112. 130, 242 

— of machines, 715 

Frictional Steam Consumption, 120, 242 

Frig:, Brewery, 612, 615, 629 

Frost, Trap Damage by, 296, XLIII 

Fruit Juice, Evaporating, 755 

** Fuei , Efficient Use of,” 805 

—, heat content of, 563, LXII 

—, primary, 564-571, LXII 

—, secondary, 564-571, LXII 

Full-Load Current v. Idle Current, 713, 716 

Fully-Loaded v Partly Loaded Boilers, 436 

Function, Gibbs’, see G. 

Furnace, Heating by Various Fuels, 571, LXIV 
Furnace, Waste Heat from, 719, 737 
Fusion, Latent Heat of, 792, LXX 


G, Gibbs’ Function, 34, 96, 101, 103, 131, 134, 144, 
146,1 

Galvanometer, 546 
Gas, see also Gases 

— bag steam accumulator, 463 

—, blast furnace, 725, 737. LXII, LXXIV 
—. coal. 568, 725, LXII 
—, coke oven, 569, LXII 

— cycle. 803 

— fire. 571, LXIII 
—, flue, see Flue Gas 

— heating. LXIII. LXIV 

— holder steam accumulator, 462, 468 
—, measuring consumption of, 583 

—, molecular mechanism of, 5 
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OAS-HEAT 


Gas-Producer, 572, 581 

Gas, Producer, see Producer-sas 

—, town, 568, 725, LXII, LXIII, LXXIV 

— turbine, 493, 803 
—. water, LXII 

works, 568, 570 

-coke, 568, LXII 

--heat input, 563 

Gases, see also Gas 
—, heat conduction of, 18 
—» — transfer thro*, 19, 176 
—..physical constants of, LXX 

— in steam, 315 

--j. Pardal pressure of. 318, 387, 404, 413-416, 

418, LX 

-. removal of, 321, 322. 323 

-water. 320, 799 

-, solubility of. 798 

Gauge. Absolute Pressure, 28, 207 
—, boiler firing, 445 
—. mercury, 28, 206, 207 

-pressure. 27, 207, 208 

—, pressure, see Pressure-gauge 
—, vacuum, 28 
—, water, 208 

Gear, Reversing, Steam, 529 
—steering, steam, 530 

Generating Efuciencies, Electrical, 108,109,113, 
, 114, 118, 561, 656, 659, XII 

— losses, 112 

Generators, 694, 697, 699, 804 
Gibbs. J. W., 96 

— function, 34. 96,1 

-, use of. 101. 103, 131, 134, 144, 146 

Gilled Hlating Surfaces, 306, 344, 398 
Gland Steam, Use or, 244, 761 
—. turbine, leakage, 112, 120, 244 274, 761 
Glass, LXX 

—, heat loss thro*. 587, LXVIII 

— lined vessels, 304, 382 

— melting tanks, 737 

—, solubility in water, 799 

— thermometer;,, 29, 209 

— wool, 163, XIX 
Globe Valve, 205, XXVIII 
Golden Syrup, Evaporating, 369 
Grains, Brewers’, 612, 618 
Grantzdorffer Calandria, 363, LI 
Gravity Return of Condensafe, 307 
—, specific of beer, 6 /2, 613 

Gri ase V. Oil, 715 

Green’s Economiser, 721, 724 

Grid Coal Consumption, 109, 18, XII 

— heat consumption, LXII 

—, paralleling with, 128, 140, 804 
Gross or Net Costing, 676 
Group Trapping. 305, 313, 759, 760, 761 
Gushing, pRrvr niton or, by Oriiice, 759 
Gypsum in Water, 800 


Hagan AtrroMATic Ccnerol, 545, 554, 555 
Hair, Animai, 19, 163, XIX 
Haldane, T.G.N., 764 

Hammer, Water, 191, 305, 307, 507, 721, 727, 728 

Hammering of Sfeam Blowers, 382, 383, 438 

Hammers, Stiam, 468, 758 

Hangers, Pipe, 200 

Haphazard Savings, 744, 753, 754 

Hard Stfam Coal, LXII 

Hardness, Permanent, 800 

—, temporary, 406, 761 

— of water, 800, LXXX 
Hausbrand, E., 350, 393, 805 
Hayes, A. H., 805 
llAWiEY Boiler, 383, 761 

Hfad, Hydrostatic, see Hydrostatic Head 

— pressure, breaking, 520 

Heat Accumulator, see Accumulator 

— addition, 62, 76 

_at high and low pressure, 62 

—, availability of, 763 

— balance, 558-670 

_, brewery, 612-636 

_, construction of, 591 

_. food extract, 637-655 


input heat, 563, LXII 
, laundry, 594-611 
, power station, 656-670 
, sugar refinery. 559 
, task and reward, 559 


Heat Basis for Costing Steam, 679 

— capacity of pressure hot water, 508 

— -pipes and plant, 190, 593 

— in condensate, 44, 398 

— conduction, 18, 161, 162, XIX 

— conductivity, see Conductivity 

— consumption, actual, and target, 560 

-L^Sl**'**^^ power, 112, 113, 114, 120, 566» 

-of brewery, 634 

-food extract, 649 

-laundry, 604 

-pass-out electricity, 567 

-variation with output, 680 

— content of electricity, 52, 565, 566, 567, 585, VIH, 

LXII 

-fuels, 563, 564, LXII 

-, primary. 564-571, LXII 

-, secondary. 564-571, LXII 

-of steam, 40-43, I, II 

— conversion, 572 

— drop, 79. 85, 146 

-> adiabatic, 98. 100, 101, 131, 132, 134, 144, 145, 

^11,657 

-, -- finding, 100, 101, 120 

-.real, 120, 131, 144, 145 

— engine, 54, 157. 805 

“-”, D. A. Low, 805 

“-, theory and practice of,” Wranoham, 805 

**-.-Grundy, 805 

-cycle, 765 

-fluids, 796, 803 

—endothermic, 235, 751 

— energy. 751 

— electrical, 52, 565, 566, 567, 585, VIII, 

-, mechanical, 52, VII 

— escape, prcv.niing, 160, 161, 742 

— exchanger, 317, 335, XLVH 
-, air in, 317 

-for blowdown. 399, 400 

-in brewery, 632 

-, concurrent and countercurrent, 350 

-in laundry, 608, 757 

-, movement thro’, 334, 335 

-temperature gradient, 350 

—, exothermic, 235, 614, 751 
—. flash. 44. IV. V 

— input to factory, 563 
—, latent, see Latent Heat 
—. liquid. 14, 40. 41, I 

— loss from accumulator, 446, 462 

-by air movement, 170, XXVI 

-thro’ air space, LXVIII 

-from bare surfaces, 765, XXII, XX HI 

-buildings. 587, LXVUl 

-by drying, 8 

-evaporation, 8 

-from lagged surfaces. 166, XXII, XXIIl 

-liquid surface, 464 

-thro* materials, LXVIII 

-measurement, 743 

-from pipes, 166, XXIII 

-, primary, 742, 743 

-, secondary, 742, 744 

-from tanks, 464 

— measurement, 32, 213, 234 

— for power and beating, 763 

— pump, 763-776 

-applications, 770, 774. 775, 776 

-cold end limit, 769 

-cycle, 767 

-economics, 773, 775 

-efficiency, 767, 768, 770, 772, 775 

-ratio 772, LXXV, LXXVI 

-electrically driven, 771 

-, favourable conditions for. 774, 775, 776 

-hot end limit, 769 

-icing up, 769 

-performance, 770, 772, 775, LXXV. LXXVI 

-and refrigeration, 774, 776 

-temperature range, 769, 777 

-and warm effluents, 775 

— recovery in brewery, 408, 629, 631-634, 636, 754 
-from blowdown, 399, 400, 410, 411, 495, 496 

660, 761 

-in laundry, 608 

— rejection from evaporator or turbine, 490 
-path, 72 

— re^wrements for brewery, 613, 627, 628, 629,^633 
-buildings, 585. 587, LXVIII 
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HEAT-HORIZONTAL 


INDEX 


Heat Requirements for Food Extract, 649 

-laiindry, 604, 610 

-process, 590 

-social services, 589, LXIX 

-ventilation, 586, LXVII 

— resistance of films. 299, 316, 326, 329, 330, XLV 

— savings, see Savings 

—, sensible, see Sensible Heat 

— of solution, 235, 751, 779 
—, specific, see Specific Heat 

— split into latent and sensible, 392, 470, LIV, LV 
-processes, 558, 559 

—, steppmg-up, 763, see also Stepping-up Heat 

— storage, 432, 434-469, see also Accumulator 

— subtraction, 22, 63 
—, toul, 40, 66, 76.1. II 
—, —, lines, 66 

—, —, of ice-water-steam, 794 

— transfer, 17, 18, 805 

-thro’ air, 326, 329, 330, XLV 

-coefficient, 326 

-by direct contact, 48, 176, 235, 325, 378-389 

“-and Evaporation **, Badger, 805 

-with fins or gills, 344, 398 

-thro* gases, 19, 176 

— — by heating surface, 325-377 
-, no, 347 

-thro’ metals. 326, 327, 329, XLV 

-rate, 326, 331 

-in air heater. XLVI, XLVTI 

-boiler, 720. XLVl 

-to brine, 358 

-in calorifier, XLVI, XLVII 

-and circulation, 358 

-from coils. XLVI, XLVH 

-in condensers, XLVI. XLVII 

-crystallising pans, 363 

-— — economisers, XLVI 

, effect of niatenal density, 333, 334 
. — movement, 333, 334, XLVIII 

-submergence, 366, 367 

.-temperature, 353, 355, 357 

,-difference, 331, 353, 355, 357 

-viscosity, 331, 333, 344, 356 

-in evaporators, 328, 331 358, 369, 371, 

XLVn, LIU 

-to materials, 334 

-molasses, 333, 344 

-, published, XLVI 

-, reasonable, XLVH 

-to sugar solutions, 333, 334, 363, 369, 371 

-in superheaters, XLVI 

-for tank coils, XLVI, XLVH 

-and total heat transfer, 332 

-and velocity, 334, XLVIII 

-to water, 331, 366, 375, XLVI, XLVII 

-resistance, 326 

-of air, 162, 316, 326, 329, 330, XLV 

-films, 299, 316, 326, 329, 330, XLV 

-scale, 162, 326, 328, 329, 330, XIX, XLV 

-water, 299, 326, 329, 330, XIX, XLV 

-thro’ scale, 162, 326, 328, 329, J30, XIX, XLV 

-from superheated steam, 176 

-, total, 332 

-thro* water, 326, 329, XLV 

** —• transmission,** McAdams, 805 

— unit, 32, 41 

— use, direct combustion, 583 
—, upgrading, 763 

—, using over again, 38, 470, 741, 754, 755 

— of vaporisation, 14, 40, 42 
—, virtue of, 763 

—, waste, see Waste Heat 
Heater. Air, 331, 350, 724, 733 
—, —, cleaning, 377 
—, long pipe, 349, 350, 500, 501, 510 
—, stage. 88. 483, 486, 652, 657, 724, 736, 761 
—, unit, air removal from, 322 
—, —, draining, 306, 398 
—, —, using sensible heat in, 306, 398 
Heating Air, 350. 724, 733, XLVI, XLVU 
— and air conditioning of buildings,'* 

Faber & Kell, 805 
—. batch, 350, 427 

—, bleed. 87-89, 136, 458, 483,485, 490,657,724. 736 

— by coal, 564. 565. 571, LXIU, LXIV 

-- coke. 571, LXIII 

-direct steam contact, 48, 176, 23S, 325, 378-389 

— effect of electricity, 696 

— — of machines, S8S 
-room occupants, 585 

— by electricity, 565, 571, LXIII, LXIV 


Heating Feed i<or E. Evaporator, 483,485,490 761 

-water, see Feed Water Heating 

by flash, 394, 398, 411 

— furnace, with various fuels, 571, LXIV 

— by gas, 571, LXIII, LXIV 
-gravity return, 307 

-hot water, 307, 349, 350, 761 

-one pipe, 307, 349, 500 

— piping from cold, 190, 346 
-electrically or by jacket, 346 

— and power, combined, 111-114 

-, I.C., 158, 159 

-heat differences, 763 

— by pressure hot water, see Pressure Hot Water 
—, process, 81 

—f —. by economiser, 719, 731 

— raw materials, 644, 652 

— rooms, 585, 769, 774 

-by various fuels, 571, LXIII 

— social water, 589, 761, LXIX 
—space, see Space Heating 

—, steam, see Steam Heating 

— surface, 317, 325-377 

-in brewing copper, 374 

-boilers, 720 

-, burning product on, 353, 360 

-, calandria. 294, 322, 323, 358, 359, 362 

-, coil, 305, 361, XLVI. XLVH, LI 

-, draining, 300-313 

-in drying cylinder, 300, 302 

-economisers, 345, 720 

-, finned or gilled, 306, 344, 398 

-Grantzdorfper, 363, LI 

-, horizontal, 300. 301 

-, heat transfer thro’, 325-377, see llcat Transfer 

-, mean and log mean, 350 

-, obstruction caused by, 344, 353, 354, 361, 362 

363 

-plant maintenance, 325 

-of press platens, 300, 301, 505 

-, path of steam in, 322 

-, ribbon and scroll, 352, 363, 374 

-, submergence of, 366, 367 

-, steam flow in, 300, 302, 316, 322, 376 

-, temperature difference across, 330, 350 

-of tubes, 345, 350, XLIX, L 

- V temperature, 353 

--, vertical, 300 

-, welded, 363 

—. stage, bleed, 87-89, 136, 458, 657, 724, 736 
—, —, vapour, 483, 485, 490 

— tank or vat, 427 

— transmission pipes, 346 

— water, 331, 383, 384 

-in brewery, 618, 620, 629 

-by direct steam, 383, 384 

-economiser, 719, 720, 730 

-electrically, 565 

-in food extract. 645 

-laundry, 594, 606, 608 

-for peak levelling, 432 

Heavy Water, 801 
Hemispherical Pan, see Jacketed Pan 
Hidden Savings, 757 

High Level Condensate Return, 190, 306 

— pressure blowdown heat recovery, 400, 410, 411, 

495, 496, 660, 761 

-heat addition, 62 

-V high superheat, 146 

-hot water, see Pressure Hot Water 

-with low pressure efficiency, 398 ' 

-V low pressure steam, 35-39, 43, 44, 175, 353, 

. 355, 392, 398, LIV, LV 

-pipe draining, 190 

-power cycle, 83, 146 

-steam distribution, 175 

-traps, 190, 278. 280 

— superheat v high pressure, 146 

— temperature lagging, 165, XXI 

— vacuum distillation, 387, 388 
H,0. Water. 783 

H(OH), Water. 783 

Hold-Ups, Process, Cost of, 551 

Hole in Piston, Effect on Heat Consumption, 120 

Honioman, 777, 780 

Hoods, Vapour-Collecting, 403, 404 

Hooks in Indicator Diagrams, 264 

Hop Back, 612, 616 

Hopkinson Automatic Control, 537 

Hops. 612, 616 

Horizontal Evaporator. 370, 371, LI, LIIl 

— heating surface, 300, 301 
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HORSE-KINETIC 


Horsb^Power, 53, 256, VIII 
rr from indicator diagram, 258, 259, 260 
Hot End of Economisers, 720, 721, 728 
-heat pump, 769 

— water boilers, 582 

-in brewery, 618, 620, 629 

-, domestic, 589, 761, LXIX 

-, heating by. 307, 349 350 761 

-, high pressure, see Pressure Hot Water 

-in laundry, 594, 606, 608 

-metering, 237 

-, pressure, see Pressure Hot Water 

-, pumping, 312, XLIV 

-. social. 589, 761, LXIX 

-storage as accumulator, 432, 464 

— well, 394. 395, 738 
Howard, Hon. E. C., 361 

— vacuum pan, 361 
H.P., High Pressure, q . v , 

H.P., Horse Power, q,v, 

H.S., Heating Surface, q,v, 

H.T.R., Heat Transfer Rate, q . v . 

Humidity, Air, 238 

Hunting of Controls, 527, 528 
Hydrants, 761 
Hydraulic Coupling, 709 

—•operation of controls, 292, 527, 531, 538-542, 550 
Hydro-Extractor, 594, 598, 609, 745, 749 
Hydrogen, LXX 
—, burning of, 722 

— hydroxide, 783 

Hydrol, Di-. Tri-, 784, 788, 789 
Hydrostatic Balance, 536 

— head. 206, 305, XXXll 
-in controller impulse, 548 

-. effect on boiling temperature, 365, 367 

-in evaporation, 365, 367, 368 

-of flushing water, 309 

-for group trapping, 305 

-on orifice. XXXVII 

— leg, 305. 761 


I.C., Internal Combustion 

— engine, waste heat from, 158, 159 
Ice, 2. 3, 784, 786, 787, 788, 791, 794 
—, latent heat of, 792 

—, specific heat of, 793, LXXVII 
—; watcr/steam, 783-801 
—/—/—, total heat of, 794 
Icing up of Heat Pump, 769 
Ideal Efiictency, 55 
Ir>i.E Running Power Waste, 716 

Indicated Horse Power, 256, 259 
Immersion Heater, 565 
Impeller Circulation in Evaporators, 358 

-puns, 359 

-tanks and vats, 340 

Impulse, see Automatic Control 

— turbine, 274 

Inches of Mercury, 28, 206, 207, XXXll 
-water, 208 

Incident At s to Labour Cost, 673 
Increased Yield, Savings by, 745, 752 
Indicated Horsi Power, 256, 259 
Indicator, 239, 256 

— diagram. 125, 254, 258. 259 

— admission too early, 262, 264 

-,-late. 262, 264 

— —^ — valve leakage, 262 

-atmospheric line, 258 

-, correct, 259, 262 

-^ cylinder condensation, 262, 264 

-, description of, 259 

-distortions, 264 

-^ drop valve, 265 

_, exhaust valve leakage, 262 

-hooks, 264 

-, horse power from, 258, 260 

-loops, 264 

—. —, interpretation of, 261, 262, 264 

_, mid-ordinate method, 258 

_no compression, 264 

-^ no load on cylinder, 264, 265 

_, overloading. 262 

-piston leakage, 262 

_, positive and negative work, 263 

-, release wrong, 264 

_, slide valve charactenstics, 265 

- - , taking. 258 


Indicator Diagram, trip valve characteristics, 265 

-, underloading, 262, 264 

-, uniflow, 265 

-, valve setting wrong, 262, 264 

-, winding engine, 265 

— rigs, 257 

Indirect Acting Control, 527, 528 
Individual Drive or Lineshaft, 703 
Induction Motor, 712, LXXin 

— generator, 804 

Inefficiency of Engines, 240, XXXIX 

-machines, 713 

-power, 690 

-distribution, 109 

-generation, 108, 109, XI 

Inhibitors, Acid, 377 

Injected Steam, Estimating, 235 

Injection, Direct, Heating by, 48, 176, 325, 378-386 

—, —, loss in, 48. 176, 385 

Injector, see aho Blowers 

— for boiler feeding. 389 
—, exhaust steam, 389 

— for steam circulation, 501, 503 
—, superheating in, 48, 385 

— for therniocompression, 493 
Input Heat, 563 

Instability of Climbing Film Evaporator, 367 
Insulating Properties of Materials, 19, 162, 163, 
XIX 

— of buildings, savings by, 588 
Insulation, see Lagging 
Insurance Company, 469, 719, 728, 731 
Internal Energy, 78 
Interpretation of Experiments, 688 

-indicator diagrams, 261, 262, 264 

Interstage Loss, Turbine, 112 
Inverted Bucket Trap, 284, 294, XLIll 
Irish Sea Water, LXXX 

Iron, Cast, Conl»uctivity of, XIX 
—, —, corrosion resistance of, 407, 724 
—, —, piping, 202, 203 
—, corrugated, heat loss thro*, LXVIII 
—, specific heat of, 190, LXX 
Ironers, Laundry, 598, 757 
Irreversible Cycle, 73, 74 

— process, 73, 74, 85 
Isbntropic, 97 


Jack Back, 612 

Jacket, Cylinder, 245, 246 

Jacketed Pan, 352, 354, 355, 361, 363, LI 

-, air removal from, 322, 759 

-, blow-off from, 759 

-, draining, 304, 759 

-, drop condensation in, 348, 354 

-, lagging, 759 

-, steam locking in, 304 

-surface/volume ratio, 353, 354, LI 

-, trapping, 304, 759 

— piping, 346 
Jacquard, 534 

Jam Boiling Vapour Collection, 408 

— factory steam savings, 759 
Jamming Engine for Test, 272 
Jar Washing, 759 

Jet Condenser, see Condenser 

Joint, Sliding Expansion, 192, 193 

—. slip, 189 

Joule, J. P., 52, 803 

Juice, Fruit, Evaporating, 755 


Katrine, Loch, Water, LXXX 
Keenan and Keyes, 106, 805, 806 
Kelvin, 764 

Kent Automatic Control, 528 536, 543, 546, 553, 

Kerr, E. W., 370, 371, 477 
Kestner, P., 367 

— film evaporator, 352, 367-369, 371, LI, LlII 
Kettle. Singing, 24 

Kieselouhr, 163, XIX 

Kiesseldach Accumulator, 453. 454, 464, 466. 468 
Kiln, Rotary, Speed op, 707, 710 
—, waste heat from, 719, 737 
Kilovoltamp, 692, 693, 699 
Kilowatt, 53. 693, VHI 

— -hour, 53. VIII 
Kinetic Energy, 3, 14, 51 
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KOH-LONG 


INDEX 


KOH, Caustic Potash, see Caustic 
kVA, Kilovoltamp, ^.v. 

Kilowatt, q . v . 
kWh, Kilowatt*hour, q , v . 


Labour Costing, 673 

— saving by automatic control, 519, 536 

-and power load, 123 

Labyrinth Trap, 294 

Lao in Alternating Current, 694 

-automatic control, 520, 527, 528 

Lagged Surfaces, Heat Loss from, 166^ XXII, 
XXIII 

- —, temperatures of, XX 
Lagging, 19, 161, 162, 163, 743, 744 

— accumulators, 165, 446 
—, applying, 164 

— brewing copper, 636 
—, choice of, 163, 165 

—, critical temperature for, 743 
—, cost of. 166, 167, XXXI 

— engine cylinders, 243 

— flanges, 167 

—, high temperature, 165, XXI 
—, ideal. 162 

— jacketed pans, 759 

— materials, conductivity of, 162, XIX 
—, moulded, 164 

—, painting, 164 
—, plastic, 164 

—, protection of, 164, 166, 204, XXXI 
—, savings from, 166, 743, 744, 759, 760 
—sheeted, 164, 166. 204, XXXI 

— tanks, 166, 464 

— temperature, 165, XX 

— thickness. 138, 165, 464, XX. XXI, XXII, XXIII 
Lake, Energy in, 52 

La Mont Boiler, 513 
Lancashire Boiler, 45 

— —, accumulator action of 45, 435 
-blowdown heat recovery, 399 

— — bogey efficiency, LXV 

-, estimating efficiency of, 574, LXVI 

-, — output, 580 

-, — superheat, 578 

-, quality of steam from, 179 

-, storage capacity of, 45, 435, 466 

Latent Heat, 40,42, 76,1 

-, change of, 42, 43 

-effusion, 792. LXX 

-of low pressure steam, 43 

-and sensible heat, 470, 485 

-, sensible use of, 483. 485-489, 537, 761 

-of substances, 590, LXX 

Laundry, 594, 606, 753, 757 

— bogey, 562, 607-610 

— calender. 300, 598, 609 
-flash collection, 396 

— calorifier, 594, 606, 608 

— coal consumption, 562, 605, 610 
—, cost of plant, 757 

— drying. 598. 609 

— heat balance, 594-611 

-exchange, 607, 757 

-recovery, 608 

-requirements, 604, 610 

— hydro-extractors, 594, 598, 609, 745, 749 

— ironers, 598, 757 

— presses, 598 

— on pressure hot water, 517 

— power generation, 123, 603, 611 
—, reprocessing, 747 

— Sankey diagram, 605, 610 

— space heating, 599-602 

— tumblers. 594, 598. 609, 710 

— washing and rinsing, 595-597, 607, 608 

— waste, 606 

— water heating, 594, 606, 608 
Lay-out, Bad, of Pipes, 187, 188 
—, —, of process, 714 

Lea Coal Meter, 238 

Lead, XIX, LXX 

Leak, see also Leakage and Leaks 

—, gland. 112, 120, 244, 274, 761 

— for steam lock, 302, 303 

-vacuum breaking, 324 

Leakage, see also Leak and Leaks 
—, admission valve, 262, 266, 269 
—, air in-, 315, 319 

—, exhaust valve, 266, 270, 271 


Leakage, Interstage, 112 

— loss in engines and turbines, 112 
—, oil, prevention of, 718 

—, piston, 112, 120, 262, 266, 271, 272 
—, tip, 112 

—, valve. 112, 262, 266, 269, 270, 271 
Leaks, see also Leak and Leakage 

— from flanges, 160, 167 
—, loss from air. 160, XVI, 

-steam, 160, 742, 743, XVl, XVIl 

-water, 160, XVI 

Leo, Barometric, 308, 761 

—, hydrostatic, 305, 761 

Leeds and Northrup, Micromax, 546 

Length, Equivalent, op Pipe Fittings, 173,XXVU 

Level of Liquid in Evaporators, 366, 367, 761 

-in tank, control of, 520-523, 551-556 

-is flow meter, 523 

— variations in accumulators, 441, 449 
Lift, Air, 342, 367 

— and diameter of valves, 205 

— fitting, condensate, 304 

Lifting Condensate, 190, 293, 306, 498, 761 

— trap, 293 

Lighting, Factory, 718 
—, fluorescent, 718 
Lillie, S. M., 483 

— film evaporator, 300, 352, 370. 371, LI, LIII 
Limits, Fiducial, 685, 686, 687 

Limmat, River, 771 
Line, Admission, 259 
—, atmospheric, 258 
—, boundary, 59 
—. exhaust, 259 
—, expansion, 77. 91, 259 
—, pressure, 61, 263 
—, quality, 64, >» 

—, regression, 680-684, 686, 689 

—, saturation, 59 

—, superheat, 65 

—, total heat, 66 

—, volume, 67 

—, water, 59 

—, wetness, 64 

—, WiLLANS, 121, 241, 689 

—, —, for two engines, 122 

Lined Tanks and Vessels, 304, 382 

Liner, Ocean, Entropy Increase by, 94 

Lineshaft Drive, 703, 715 

Lining up op Bearings, 715 

Liquid Expansion Traps, 287, 288 

— heat, 14, 40. 41, I 

—, — conduction by, 18 

— level in accumulators, 441, 443, 449, 460 
-evaporators, 366, 3o7, 761 

— state. 2. 3, 58, 59. 789 
-, mechanism of, 4, 789 

— surface, effects at, 6, 8, 450, 778, 784, 790, 791 
-, heat loss from, 464 

— vapour pressure, 10 

— velocity, effect on H.T.R., 334, XLVIII 
—, viscous, H.T.R., 334, 344 

—, —, measurement of, 238 
—, —, piping for, 346 
—. —* weighing, 238 

Liquids, Physical Properties of, LXX, LXXVllI 

Liquor, Brewery, 612 

—, sugar, see Sugar Solutions 

Lithographic Oven, Heating, 512, 517 

Liverpool Water, 800, LXXX 

Load, Expansion, on Piping, 193-200, XXX 

—, peak, see Peak Load 

—, power, 691 

—, —, increase of, 123 

—, —, reduction of, 691 

—, speed, effect of, on, 704, 708 

Loading of Boilers, 436 

Loch Katrine Water, 800. LXXX 

Lockheed Remote Control, 530 

Locking, Air, 295 

—, steam, see Steam Locking 

Loco Boiler, 734. LXV 

Log Mean Heating Surface, 350 

-temperature difference, 350 

Logarithms, Common, LXXXII 
natural. 350, LXXXII 
London Water. 800, LXXX 
Long Distance Stfam Transmission, 137, 138 

— pipe heater, 307, 349, 500 

-with pressure hot water, 510 

-steam circulation, 501 

-temperature difference, 350 
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LONG-MOVEMENT 


Long Tube Evaporators, 328, 352, 367, 368, 369 
Loop, Expansion, 192, 196, 197 
—» 7 -, resistance to flow, XXVIII 
—, indicator diagram, 264 
lyre. 192, 196, XXVin 
Loss, Back Pressure, 120 
—, blowdown, 576, 660, 742 
—, boiler, 576 

—, churning, liquids in pumps, 706 
—, —, steam, in turbines, 130, 242 
—, conduction and convection, 161 

— from direct injection steam, 48, 176, 385 
—, exhaust, 108, 137, 742 

flash, 742, 744 
—, frictional, 112, 242 
—, heat, from accumulator, 446, 462 
. — buildings, 585, 587, LXVIII 
—, —, — evaporators, 477 
—, —, — lagged tank, 464 
—, —, — liquid surface, 464 

—pipes. 137, 166, XXIII 
—, —, primary, 742, 743 
—, —, secondary, 742, 744 
—, —. from surfaces, 166, XXII, XXIll 
B— —- -- tdnlcs 464 

— by’leakage, *112, 120, 160, 742, 743, XV, XVI, 
. XVII 

— in M,E. evaporators, 477, 480 

-power distribution, 10^ 697, 804 

-generation, 112, 656 

-, back pressure, 120, 566 

—. radiation. 112 161, 162, 742, 748 
—, —, in engines and turbines, 243 

—. turbine. 85, 104, 112 
Low. D. A., 805 

— level condensers, 412, 419 

— pressure economisers, 730, 731, 732 
-exhaust, 82, 125 

-heat addition, 62 

-heating efficiency, 398 

-steam, advantages of, 35-39, 43, 44, 391, 392, 

480, 496, LIV, LV 

-V H.P. steam, 35-39,43.44, 175, 353, 354, 355, 

392, 398, LIV, LV 

-distribution, 175, 183 

-, latent heat of. 43 

-. use of, 35, 37, 43. 394, 395, 396, 398 

— temperature evaporation, 35, 36 
-heating. 761, 769 

-process with power station exhaust, 108 

Lowered Pressure, Effect on Process, 427 
L.P., Low Pressure, q.v. 

Lubrication and Power Consumption, 715 
Lyle, Philip, 464, 493, 559, 680. 782, 805 
Lyre Loop, 192, 196, XXVIII 


Machine Drives, 703 

— speed reduction. 707-710 

— tool power consumption, 704 
Machines, Inefficiency of, 713 
—, heat dissipation by, 585 
Magnesia. 163, XIX, XXI 
Magnesium Compounds, LXXX 
Maintenance Costing, 675 

— of direct steam injection plant, 325 

— — engines, 267-273 

-heating surface plant, 325 

— reduced by lower speeds, 707 

— of traps. 742, 743. 756 
-turbines, 274 

Make-up, Boiler, 394, 395, 656, 728, 729, 730, 762 
Malt. 612, 618 

Management, Attidude to Steam Savings, 559, 757 
—, savings by good, 432 

Marginal Steam Consumption, 121, 680, 681, 684, 
688 

-, blowing o , 126, 127 

Marouerre Accumulator. 453, 455, 464, 467 

Mash Tun. 612, 618. 629 

Master Controller, Kent, 528, 553 

Materials, Costing, 674 

—, heat transfer to, 334 

—, process, measuring, 238, 590 

Matthews, F. J., 805 

Maximum Demand Charges, 119 

M.E., Multiple Effect, q , v . 

Mean Heating Surface, 345, 350 

— temperature difference, 350 
Measuring Boiler Efficiency, 573, 575 
-losses, 576 


Measuring Coal Burnt, 573, 583 

— condensate, 234 

— exhaust heat, 120 

— heat, 32. 213, 234 

-drop, 120 

-loss, 743 

— power, 54, 252 

— pressure. 25. 27. 28. 206. 207 

— process materials, 238, 590 

— solids, 238 

— steam consumption, 234,255 

-flow. 215, 234, 235 

-heat, 120. 213, 234 

-power, 54 

-quality. 120, 186, 213, 234 

— superheat, 186, 213 

— viscous liquids, 238 

— by volume, 238 

— water flow, 236, 237 

— by weight, 238 

— wet steam. 186, 213, 234 
Mechanical Circulation, 336-341, 358, 359 

— compressor, 493, 803 

— energy. 7, 51. 52. VII 

— equivalent of heat, 52, VII 

— motion, 7 

— operation of controls, 531 

— relay, 533 

— traps, see Trap 

— water removal, 594, 598, 609, 745, 749, 756 
Melting, 16, 787 

— point, 16 

Mercury Column for Gauge Checking, 206 

— gauge, 28. 206, XXXII 

—• in glass thermometer, 29, 209 
—, specific heat of, 32. 33 
—- and steam power cycle, 803 

— in steel theimometer, 210 

— U-tube, 28. 207, 219, 536. 543 

Message to Automatic Controller, see Automatic 
Control Impulse 
Metallic Expansion Trap, 286 
Metallurgical Coke, 569, LXII 
Metals, Heat Conduction of, 18, 162, 326, 327 
329, 330, XIX, XLV 
Meter, Coal, Lea, 238 
—, flow, see Flow Meter 
—, hiring, 583 

—, positive displacement, 237 
—, rotary, 237 

—, steam, see Steam Flow Meter 
—, watei, see Water Meter 
Method of Least Squares, 680 
Metric Equivalents, LXXXI 
Micromax, Leeds and Northrup, 546 
Milk, Evaporating, 36, 480, 755 
Mill Wheel, 52, 73 

Mixed Pressure Turbine, 124, 133, 148, 466, 468 
Mixers, Air Jet, 342 
—, displacer, 341 
—, driving, 704, 707 
—, impeller, 340 
—, paddle, 338 
—, propellor, 337 
—, speed of, 707 
—, steam jet, 343 

— in tanks and vats, 336-343 
Modified Compensations, 549 

— impulse, 521, 522, 549, 552, 554 
Moisture in Steam, see Wetness 
Molasses, Heating, 333, 344 
Molecules, 3, 778, 784-792 

—. ice, 784, 786 
—, steam, 784, 785 
—, water, 784, 789 

Molecular Attraction, 4, 5. 40, 789, 790 

— bombardment, 9, 15. 17 

— collisions, 4, 789, 790 

— effects at liquid surface, 6, 8, 778, 784, 790, 791 

— energy, 3. 7, 51. 778, 789, 790 ' 

— movement, 3, 4, 7, 8, 11, 787, 789, 790 
-at liquid surface, 6, 8, 778 

— structure, imaginary, 785 
Moluer Diagram, 106 

, use of. 107, 144, 146, 657, 679 
Motor, Electric, see Electric motor 
Moulded Laooino, 164. 166, XXXI 
Movement, see also Circulation 

— of air. heat loss by. 170, XXVI 

— in calorifiers, 334, 335. XLVIU 

•—. effect of, on H.T.R., 333, 334, XLVII 

— m heat exchangers, 334, 335 
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MOVEMENT- PASS-OUT 


INDEX 


MovEMEm*, MoLECinLAR. 3, 4, 7, 8, 11. 787, 789, 790 
—, obstruction to, by heating surface, 344, 353, 354, 
361, 362, 363 

— in tanks and vats, 33^-343 
Multelec, Kent, 546 

Multiple Effect Evaporation, Hidden, 761 

-evaporator. 35. 38, 357. 371, 470-499, 761, 762 

-, air venting, 477 

-, analysis of heat distribution, 494 

-- backward feed, 481, 482 

-for beet sugar factory, 486, 487, 494 

— -, for blowdown, 495, 496, 761 

-, boiling point elevation in, 478, 492, 652 

-- condensate from, 476, 484 

-and corrosive liquids, 491 

-, cost of, 666 

-design, 494, 496 

-for distilled water, 761, 762 

-, distribution of temperature difference in, 479 

-, double effect. 467, 470, 473, 638, 640, 641 

-efficiency, 473, 474, 475, 479, 480, 481, 483, 

484 

-with equal pressure drops, 479 


-temperature drops, 475 

-.exhaust steam from, 480, 490, 761, 762 

-extraction pump, 482 

— -feed arrangements, 481, 482 

-, flash from, 481 

-heating, 483, 485, 490, 761 

-pump, 482 

-flash from condensate, 484 

-, forward feed, 481, 482, 483 

-, heat transfer rate in. 371, LIII 

-limitations, 470, 491 

-losses. 477, 480 

-, number of effects in, 478, 491 

-, parallel feed, 475, 481, 482 

-, pressure drop across, 479, 480, 492, 497 

-, _ plant, 473, 475. 479, 481, 483, 486, 494, 

761, 762 

— -. quadruple effect, 469, 494, 550, 761 

-, quintuple effect, 494, 496 

-savings, 755 

-, scale formation in, 491 

-, self regulation of, 472, 497, 498 

-anl sensible heating, 481, 483, 485, 486, 

488. 489 

-temperature distribution, 479 

-temperatures, 472-498 

-. triple effect, 470, 475, 495, 651. 652, 656, 

664, 760 


-, vacuum plant, 480 

-, vapour feed heating, 483, 485, 490 

-, waterlogging of, 498 

-- —, control by, 498 

-flash evaporation, 495, 496 

-principle, 470 

— flash, 410. 411, 495, 496, 761 
■— impulse control, 528, 539 

— pass-out turbine, 87, 124, 130, 131 


Obstruction to Circulation, 344, 353, 354, 361, 
362, 363 

Occupants of Buildings, Heating Effect op, 585 

Odds, Correlation, 683, LXXl 

—, error ratio, 686, LXXII 

Ohm, G. S., 695 

Ohm's Law, 695, 696 

Oil in Exhaust Steam, 148, 184, 247 

-accumulator, 450, 451 


— V. grease, 715 

—. heat content of, LXIl 

— leaks, prevention of, 718 

— operation of controls. 292, 527, 531, 538, 541, 545 

550 

— separators, 184, 450, 463, 758 
Old Boiler as Economiser, 734 


— piping, improving, 188 
One Pipe Heating Systems, 307 


On-off Controls, 525, 526, 532 
Open Bucket Traps, 283 

— fire, 571. LXIII 

— steam, heating by, 48, 176, 325, 335, 378-389 

-, sterilising with, 378, 379, 386 

Operations, Adiabatic, 97 

Operator, Mathematical, 681 
Opposing Current in Motors, 695 
Optimism of Engineers, 757 
Organic Liquids, LXX, LXXVIII 

— products, evaporating, 353 

— solids, LXX 

Orifice, Calculation of, 230, XXXIV, XXXV 

— coefficient, 230 

— construction of, 221 

— factor, 230, XXXIV 

—, flow of steam thro*, 218 


—,-water thro*. 236, XXXVll 

— in piping, position of, 220, 225 

-, provision for, 187 

—unrecovered pressure drop across, 232, XXXVI 


— of valves, 205, 549 
Orsat, 573 

Output and Speed, 707, 710 
—, variation of heat consumption with, 680 
Oven, Coke, see Coke-oven 
—, lithographic, 512, 517 
—, waste heat from, 719 
Overall Heat Transfer Coefficient, 326 
Overcompensation, 527 
Overheads, Costing, 671, 677 
Overheating in Evaporators, and Pans, 353, 360, 
365, 367 

— of generators, 697, 699 

Overloaded Engine Indicator Diagram, 262 
Overloading of Power Station, 667 
Oversize Electric Motors, 702, LXXII I 

— fans, 705 

— pumps, 706 
Overtime Costs, 673 
Oxygen in Steam. 315 

-water. 785, LXXVIII 

Ozone, Sterilising with, 630, 754 


NaOH, Caustic Soda, see Caustic 
National Circulator, 729 

— fuel economy, 115, 119, 144, 565. 571, LXIII 
Natural Circulation in Pans and Evaporators, 

360 

-tanks and vats, 336 

— logarithms. 350, LXXXII 

Negative Thermodynamical Potential, 96 

— work, 263 

Net or Gross Costing, 676 

Nitrogen, in Steam or Water, 315, LXXX 

No-Load Indicator Diagram, 264 

— V. full load power consumption, 713, 716 

— Storage capacity of boiler, 45, 435 
Non-condensing Engine, 240, XXXIX 
-, conversion, 155 

— working, 70, 71, 116 
Non-conductors, 19 
Non-convectors, 19 
Non-exp ANSI VE Working, 70 
Non-reactive Control, 527, 528 
Northcroft, L. G, 296, 302, 324, 805 
Nozzles, see also Blowers 

—, accumulator, 438, 447, 451 
—, circulator, 501, 503 
—, venturi, 438 
Nucleate Boiling, 348 
NmuBER, Reynolds, 334 
Numerical Value of Entropy, 95 


Packetino Machines. 710, 713 

Paddle Circulation, 338 

Paint, Aluminium, see Aluminium Paint 

—. gay. for light saving, 718 

Pans, Calandria, 352, 359, 362, LI 

—. coil. 352, 354, 361. 362 

—, crystallising. 352, 355, 359-363,372. 373, 761, L 

—, hemispherical or jacketed, see Jacketed Pan 

—, ribbon, 363 

—surging in, 362, 365 

—, vacuum, see Vacuum Pan 

Paper Mill, Mechanical water Removal, 749 

-power generation, 144 

-steam savings, 760 

— machine, 302, 760 
-flash collection, 397 

— web water content, 749 

Parallel Current Condensers, 412. 415 

— feed in M.E. evaporator, 475, 481, 482 
Parallelling with Grid. 128. 140, 804 
Partial Pressure, 318, 387. 404 

-in condenser, 404, 413, 414, 415 

Partly Filled Tanks, Heat Loss from, 464 

-. liquid surface of, 443, LXI 

z-. — volume of, 443, LXI 

Partly Loaded v. Fully Loaded Boilers, 436 

-driers, 748 

Pass-out, Automatic Control op 550 
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PASS-OUT- POWER 


Pass-out Back Pressure Machines, 131, 761 
—, conversion to, 156, 761 

— engines, 124, 130, 156 

— multiple, 87, 124, 130, 131 

— power costing, 567, 679 

— - turbines, 87. 124, 130, 131, 148, 550, 761 
Pasteurising, Brewery, 624 

Path of State Point, 72, 75, 76, 77, 85 

-steam in steam space, 322 

Peak Loads, 420, see also Peaks 

-, colliery, 421, 431, 448 

-, dye works, 422, 431 

-, steel works, 421, 431, 468 

-, sugar refinery, 422, 431, 467, 469 

Peaks, see also Peak Loads 
, blowing off due to, 423 
, capacity of boilers to meet, 45, 435 
, causes of, 431 
, cumulative cflect of, 425 
, effect on boiler, 423, 424 

-engine, 429, 430 

-process, 427 

-quality, 428, 430 

-steam flow, 426 

, long term, 420, 422, 432 
—, reducing by automatic controls, 520 
—, — by process programme, 431, 432 
—, synthesis of, 431 
—, shoit term, 420, 421, 433 

— and valleys, 420-433 

People, Heat Output from, 585 
Perforated Piffs for Steam Blowing, 382 
Performance of Boilers, Estimating, 580, 594, 648 
-^ ^ from c«'onomisers, 577 

—, coefficient of, 474, 768 

— efficiency, 474 

— of evaporators, 328, 356, 369, 371, LIIl 

-heat pump. 770, 772, 775, LXXV, LXXVl 

Perkins System of Pressure Hot Water, 512 
Permanent Hardness, 800, LXXX 
Perspiration, 8, 585 

P.H.W., Pressure Hot Water, q.v. 

Physical Composition of Water, 784, 789 

— constants, LXX 

— properties of liquids, LXXVIII 

-process materials, 590, LXX 

-Water, 795, LXXVIII 

Pii OT Trap, 291 
~ valve. 529, 545. 555 
Pipe, see also Pipes and Piping 

— anchorages, 192-200 

— branches, feeding, 174, 202 
-, estimating sizes of, 174 

— flttings, resistance of, 173, XXVIII 

— flanges, see Flanges 

— hangers and supports, 200 

— resistance. 173. XXVIII 

— sizes for orifices, 230, XXXV 

— surfaces, XXIV. XLIX, L 
Pipes, see also Pipe and Piping 
—. area of, XXIV. XLIX, L 

—, dead. 189 
—, draining, 190, 759 

_, flow of steam thro’, 39, 43, 171-174, Ill, XXVII, 

XXIX 

heat loss from, 166, XXIII 

_^ lagged, temperature of, XX 

_, long distance steam, 137, 138 

-, heating of, 346 

— perforated, for steam blowing, 382 
—! steel. B.S., XVIII 

-, velocity of steam in. 171, 172. 174, XXVII, XXIX 
Piping, see aho Pipe and Pipes 
—. cast iron, 202, 203 

— costs, 204, XXXI 

— design of, for expansion, 192, 200, 201 
—’distortions, 194, 200 

— expansion of, 192-203, XXX 

— flanged, 203, XVIII 
_ heating of, 190, 346 

— lagged; corr of, 166. 204, XXXI 

_' —heat loss from, 166, XXIll 

_* —, temperature of, 165, XX 

—’layout 187, 188 

_for pressure hot water, 509 

__^ provision for orifices in, 187, 220, 225 

—! screwed, 203 
- sizes of, 173. 174, 205 
_ |4i,263,204,XV1U 

_, cost of, 204, XXXI 

’ —, corrosion of, 799 


Piping, Types of, 203 
—, warming up, 190, 346 
—I wcldSi. 203: 204, XXXI 
Piston Leakage, 112, 120, 262, 266, 271, 272 

— ring breakage, 266, 267 

— valves, testing. 267 

Pithead Baths, Costing Steam to, 676 
Pitot Tube, 232, 366, 506 j 

Plaistow Wharf, 120, 153, 160, 164, 169, 194, 20L 
204, 213, 235! 238, 244. 274. 292. 305. 314, 328, 
340. 344, 346, 347. 358, 361, 362, 363. 366-370, 
373 382, 383, 386, 401, 402. 408, 409, 417, 418, 

446, 464, 469, 496, 498, 512. 517, 519, 528, 535, 

536 OT S38. 54^, 548, 550, 559, 562, 671-675. 
679. 680, 684, 686, 702, 703, 705, 706, 708, 709, 

710 712, 713, 715, 716. 746, 747. 750, 751, 752, 

761, 762, 772. 779, 799 

Plant, Heat Capacity of, 593 
Platen, Press. 300, 301, 505, 510,593 
Pneumatic Operation of Automatic Controls, 
531, 536, 554, 555 
Point, Boiling, see Boiling Point 
—, critical, 42 

—: dew, 722, 724, 725, 737, LXXIV 
—, melting, 16 
—, state, 66 ^ 

—, —. path of. 72. 75, 76, 77. 85 
Points in Scatter Diagram, 680 

-, exceptional, 684 

Poles, Electrical, 694, 712 
—, extra, rewinding for, 711 
Pond, Freezing of, 795 
Pop Safety Valve, 437, 525 
Positive Displacement Meters, 237 

— and negative work, 263 
Potash, Caustic, see Caustic 
Potassium Sui»'hate, LXXX 
Potential Lnlrgv, 3, 51 
Potentiometer Bridge, 546 
Pound-Calorie, 32 
Powders, Measuring. 238 
Power, 53 

— , actual V. theoretical, 716 

— available, 103 

— back pressure, 113, 114, 125, 143, 144, 145, 635, 

648 

_. costs, 120, 566, 676 , 679, XUl 

—,-, effects of auxiliaries on, 676 

—,-,-net output, 676 

—^-^ heat consumption, 113, 114, 120, 566, XIV 


—,-, losses, 120, 566 

—, buying. 119, 128 

— consumption of fans, 704, 705 

-feed pump, 39, 84, 104, 110, 116, 436, 669 

706. 713 

-forced circulation, 340, 358, 359 

-and lubrication, 715 

-of machines, 707, 710, 713, 716, 717 

-, theoretical v. actual, 716 

— converted into heat, 585 

— costing, 120, 565. 566, 567, 671, 679 

— diagrams, 54, 105, 106 

— distribution loss, 109, 697, 762, 804 
—, electrical. 693, 694 

— equivalents, 53, VIII 

— factor. 692-702 

-, cause and effect of low, 697, 698, 699 

-improvement, 697, 699 

-in star and delta, 700, 701 

-and supply tariff', 119, 692, 697, 699 

-water analogy, 694 

— flash for, 410. 411, 660 

— generating losses, 112 

— generation inefficiency, 108, 109, XI 

-by blowing off exhaust, 124, 126, 127, 129 

-compared with evaporation, 490 

— and heating, combined, 111, 112, 113, 114 

-, in brewery, 635 
-, — food factory, 648 
I.C. Engine, 158 159 
in laundry, 603 
-, — power station, 668 
t heat difference in, 763 
—, horse, see Horse-power 
—, inefficiency of, 690 

— load, increase of, 123 
-, reduction of, 691 

-, sharing with public supply, 804 

-and speed, 704 

— measurement, 54, 252 

— obtainable, back pressure, 104,125,149,676, IX, X 


903 





POWER— PUMP 

Power Obtainable, Brewery, 635 

- * aye works, 143 

- >t food factory, 648 

-, laundry, 611 

-, paper mill. 144 

-, pass-^ut, 131 

-, sugar refinery. 145 

-r saving, 139, 691-718 

-on centrifugal pumps, 706 

-by correct lubrication, 715 

-motor size, 702 

-draining drying cylinders, 302, 760 

-, effect of soeed on, 704, 708 

-on fans, 705 

-by idle running prevention, 716 

-lay-out improvement, 714 

-lubricating correctly, 715 

-and lineshaft, 703, 715 

-on machines, 703, 707, 710 

-by sharp tools, 717 

-by speed reduction, 704-710 

-star connection, 700, 701, LXXIII 

-unit drive, 703 

-- station. 108. 109, 656-670 

-adiabatic conditions, 657 

-auxiliaries, 656, 667, 668, 669, 676 

-, back pressure set for services, 668 

-bleed feed heaters, 657 

-blowdown, 656, 660 

— -heat recovery, 400, 410, 411, 495, 496, 660 

-bogey, 561 

-boiler efficiency, 88, 108, 109, 656 

— — coal consumption, 108, 109, 561, 656, 670 
-efficiency, 108, 109, 561, 659 

-, —, cycle, 657 

-, generator, 659 

-wiih low temperature process, 108 

-ratio, 658 

-- thermal, 659 

-evaporator, triple, 656, 664 

-, unit. 656, 657 

-exhaust heat use, 108 

-heat balance, 656-670 

-• overloading of, 667 

-precautions, 667 

-Sankby diagram, 108, 670 

-savings, 665, 668 

- —cost of, 666 

-space heating, 656, 661. 663 

-, sub-economiser in, 736 

—, steam, measurement of, 54 
-- /steam raUo, 123, 124, 611, 635 
Predetermined Sequences, 534 
Press, Filter, Controller, 535 

— platen. 300, 301, 510, 593 

-, circulation in, 505 

—, laund^, 598 

—, stamping, driving by motor, 710 
Pressure, 9 
—, absolute, 27 
—, atmospheric, 26 
—, back, see Back Pressure 
—, boiler, choice of, 141-146 
—, —, effect of fluctuating, 424-429 
—, —,-lowering, 39 

— connections to meters, 222, 224, 225 

— cooking in brewing copper, 374, 633 
—, critical, 42 

— drop across evaporator, 367, 368, 479, 480, 492 

-orifice, 232, XXXVI 

-i power obtainable from, 149 

—, efirect on boiling point, 12, 13, 35, 36. 39, 356, LII 
—, — — volume, 42 
—, electrical, 693 

— equivalents, 206, XXXTI 

— ev^orator, 473, 475, 479, 481, 483, 486, 494, 761. 

—, exhaust, 82, 125 
—I gauge see Gauge-pressure 

-gauge, 27, 206 

-, absolute, 28 

-, Bourdon, 206 

-, checking, 206 

— head, breaking, 520 

—, high, see High Pressure 

— hot water, 507-517 

— — —, advantages of, 510 

-, applications, 510 

-, circulation of, 508 

-, in drying cylinder, 511 

— -and economiser, 516 


INDEX 

Pressure Hot Water Feed Pump, 514 

-water, 515 

-, heat capacity of, 508 

-for laundry, 517 

-lithographic ovens, 512, 517 

-in long pipe heaters, 349, 510 

-maintenance, 514 

-, Perkins system, 512 

-pipe line requirements, 509 

-in press platens, 510 

-pumping load, 508 

-, shortcomings of, 511, 514 

-, steam boilers for, 513 

-V. steam circulation, 517 

-V. straight steam, 517 

-, water loss from, 514 

— limit for traps, 278 

— line, 61, 263 
—, low, see Low Pressure 

— measurement, 25, 27, 28, 206, 207 
—, partial. 318, 387. 404, 413, 414, 415 
—, process, see Process Pressure 
—, vapour, see Vapour Pressure 
—/volume diagram, 125 
Preventing Escape of Heat, 160, 161, 742 
Primary Fuel, 564, 571, LXII 

-, coke equivalent, 568, 569, LXII 

-, electrical equivalent, 565, 566, 567, LX 

-, gas equivalent, 568, 569, LXII 

-, oil equivalent, LXII 

— heat losses, 742, 743 
Priming, 23, 39. 190, 393, 405, LVII 
Process Costing. 671 

—. exhaust for. 81, 87. Ill, 113, 114, 123, 124, I 
486, 760, 761, 762 

— heat requirements, 590 
-split, 558. 559 

— heating, 81, 108, 110 

-by economiser, 719, 731 

—. importance of, 142, 143, 387, 617, 634, 636, 667 
—, irreversible, 73, 74, 85 

— lay-out. 714 

— machines, speed reduction of, 707 

— materials, measuring, 238, 590 
-, heating, 644, 652 

— peaks, effect of, 427 
-, smoothing, 431, 432, 433 

— pressure, choice of, 125, 175, 187, 391, 392 
-, effect of lowered, 427 

— programmes reduce peaks, 431 
—, reversible, 73, 77 
—, smooth flow of, 520, 748 

— stops and hold-ups, 551 
—. superheat undesirable for, 48. 176 

— temperature, savings by reducing, 745, 746, 756 

-difference, 125 

—, time in, 353, 368, 748 

— washings, evaporation of, 37, 640, 652 
Processing at Lower Water Content, 745, 750,756 
—, quick, savings by, 745, 748, 756 
Producer, Gas, see Gas-producer 

— -gas, 572, 581, 583, 725, LXII. LXIV, LXXIV 

Products, Delicate, Distilling, 387 
—, evaporating. 353, 355, 371, 482, 493, 755 

—, —, healing, 176. 401 
—, organic, evaporating, 353, 355, 493 
Programme for Process Reduces Peaks, 431 

-plant alterations, 593 

Propeller Circulation, 337 
“Properties of Ordinary Water Subsiance.** 

Dorsey, 805 

psi, Pounds per Square Inch, 25 
Psychrometric Chart, 238 

Public Electricity Supply, 119, 124, 128, 140, 676, 
691, 697, 699, 804 . . . . 

-, paralleling with, 128, 140, 804 

-, sharing load with, 804 

Puddle, Drying of, 8 
Pulp Drier, Beet, 651 
PuLPER, Jam, 759 
Pump, Centrifugal, 669, 704 
—, —. churning of liquid in, 706 
—» —» power used, 706 
—. - 7 -, stage removal, 706, 709 

— circulation in evaporators, 358 

-tanks and vats, 339 

-economisers, 728, 729, 730 

—. direct acting 78, 116, XII, XXXIX 
—, extraction, 758 
—, —, in M.E. evaporators, 482 
—, feed, evaporator, 482 
—. —exhaust from. 729, 738, 758, 759, 760 
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PUMP-SANKEY 


7i3^^ 

—, --, siicUon of,* 312, 738, XLIV 
neat, see Heat Pump 
—> oversize, 706 
—, reciprocating. 706 
—9 vacuum, 669 
valvelcss, 335, 532 

PujpiNO Condensate, 312, 761, XLIV 
— hot water, 312, 761, XLIV 
*— pressure hot water, 508 
■— steam consumption of engines, 241, XL 
trap, 293 

PwcHES AND Shears, Driving by Motor, 700 
Pyrene,•• 32, 33, LXXVIll 
Pyrometers, 211 , 546 


Quadruple Effect Evaporator. 469, 494 , 550. 761 
762 

Qualities, Good, of Steam, 1 
unique, of water, 795 

Quality, Effeci of Peaks on Product, 428, 430 

— lines, 64, 65 

— of steam, finding. 100, 120, 186, 213, 234 
-as produced. 86, 100, 103, 107, 131, 144, 

145, 146. 179 

Quick Lift Safety Valves, 437, 525 

— processing. 745, 74S, 756 
Quintuple Effect Evaporator. 494 , 496 


Radiation, 18, 161, 162, 742 

— loss, 112, 161, 162, 742, 748 

-from boilers, 576 

-engines and turbines, 243 

-evaporators, 477 

Radiator, Hiectric, 94, 565, 571, 696, LXIII 

Rain Water, 800, LXXX 

Ranoe in Automatic CoNTROt, 523, 527 

-float control, 520 

-safety valves, 524 

Rankinc, W. J. M.. 55, 92 

— efficiency, 55 

Rate of Heai Transfer, see Heat Transfer Rate 
Rateau Accumulator, 447, 464, 466 
Rates, Electricity, 119, 804 

Ratio, EFriciENCY, 55. 85, 104, 108, 109, 253, 603, 
611, 635, 648, 656, 658, 770, 772, 775, IX, X, 
XLII, LXXV, LXXVI 
—, error, 686 , LXXIl 
—, steam power, 123, 124, 611, 635 
—, surface/volumc, of evaporators, 352, LI 
_ _ tanks, 443, LXI 

Raw Materials, Heating, 644, 652 
Reaction Turbine, 274, 463 
Reactive Control, 527, 528 
Reblading Turbine, 274 
Rfciprocatino Pumps. 706 
Recirculation in Economisers, 728, 729, 730 
Recoverable Products, 747 
Recovery of Water in Laundry, 608 
Reducing, see also Reduction 

— power load, 691 

— process temperatures, 125, 745, 746, 756 

— reprocessing, 745, 747, 756 

— valve, automatic control of, 538, 550 
-characteristics, 117 

-, evils of, 117 

-, replacement of, 117, 376, 476, 761, 762 

— water content, 745, 750, 756 

— work to be done by steam, 745, 756 
Reduction, see also Reducing 

— of flash, 306, 391, LIV, LV 

-process pressures, 125, 427 

_speed, see Speed Reduction 

-traps, 313. 391 

Refinery, Sugar, see Sugar Refinery and Plaistow 
Wharf 

Refrigeration, Brewery, 621, 776 
—, heat recovery from, 629, 776 
—, vacuum, 402 

Refrigerator, Brewery, SteaM Driven, 150, 635 

— compressor, 766, 769 

— cycle, 766 

— and heat pump, 774, 776 
Regenerative Cycle, 88 , 108, 736 

— reheat cycle. 89 
Region, Superheat, 59 
—, water, 59 


Region, Wet, 59 
Reolanding Turbines, 274 
Reonault, H. V., 806 
Regression, 684 

— analysis, 680-689 

“-of production costs **, Lyle, 805 

-, fiducial limits, 685, 686 , 687 

— equation, 681 

-, correlation, 682, LXXI 

-, effect of exceptional points, 684 

—, information from, 684 

— line, 680-684 

—, practical value of, 688 

— shows economies or waste, 684 

— significance. 683, LXXI 

—, trustworthiness of, 685, 686 , 687 
Regulator, Automatic Control, 522, 538, 545 
550, 555 

—, feed water, 761 
Reheat, 86 

— and regeneration, 89 
Rejection, Heat, 490 
—, —, path of, 72 

Relay, see Automatic Control 

— traps. 289, 290, 292 
-, pilot, 191 

Release, Incorrect, in Engines, 264 
—, steam, in traps, 303 

Relief Valve and Back Pressure Reduction, 129 

-economiser, 728 

Remote Control, 530 

— point for air venting 317, 322 

Removal of Air from Heating Plant, see Ail 
Removal 

-water-, see Condensate and Draining 

-, mechanical. 594, 598, 609, 745. 749, 756 

Reprocessing, Reduction of, 745, 747, 756 
Reset in Autom/.iic Control, 528, 555 
Resistance, Electrjcal, 695, 696 

— to heat flow, see Heat Transfer Resistance 

— of pipes and fittings, 173, XXVIII 

— pyrometers, 211 

— to steam flow, see Steam Flow 
Retort, Waste Heat from, 719 
Reversible Cycle, 73, 77 
Reversing Gear, Steam, 529 
Rewinding Motors, 711 
Reynolds Number. 334 

—, O.. 334 

RrBBON Heating Surface, 352, 363, 374 

Rigs, Indicator, 257 

Rillieux, N., 483, 499 

Rinsing, Laundry, 595-597, 607-608 

Ring, Piston, 266, 267 

Ripper, W.. 80, 246, 805, XLI 

Rise of Temperature, 3, 9, II 

River Water, Composition or, 800, LXXX 

Ritchie, E. G., 420, 423 

Road Traffic Light Controller, 547 

Rocket. 73 

Roller Bearings for Power Saving, 715 
Roof, Heat Loss thro’, 587, 601, 619, 626, 646^ 
LXVIII 

Room, Heating, 571, 585, 769, 774, LXHI 
Rotary Kilns or Driers, Speed of, 707, 710, 713 

— meters, 237 

Running in Parallel with Grid, 128, 140, 804 
Ruths Accumulator, see Accumulator 

— automatic control, 444, 538, 539, 540, 541, 545 


Safeguarding Autoclaves and Steamers, 378,381 
Safety Valve, 437, 519, 524, 525 

-blows. 423, 424, 437, 524, 525. 528, 576, 742, 

743, 756 

-, breathing, 437, 524 

-, dead wei^t, 437, 524 

-pop or quick lift, 437, 525 

-rao^e, 524 

-, spring, 524 

Salt Evaporators. 358, 372. 377 
— —, discharge from, 372 
Samfuno Steam, 213, 214 
Sankey Diagram, 591, 592 

-, brewery, 625, 62P, 633, 634 

-, combined power and heating, 113, 114 

-, condensing engine, 115 

-, direct acting non-condensing pump, 116 

-, food factory, 650, 654 

-, laundry, 605, 610 

-* power station, 108, 670 
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• ANKEY-SPECIFIC 

Sankey Diagrams, Process Heating Plant, 110 

--, sugar refinery, 559 

Saturated Desuperheater, 185 

— steam, 20,1 

--tables, 34, 35, 40-43,1 

Saturation Line, 59, 782 

— of solutions, 746 

~ temperature, 41,1, n 
Savb-all, 761 

Savings by Aluminium Paint, 169 
-automatic control. 519, 525, 535, 536, 537, 551 

— in brewery, 629-633, 636 

— by condensate collection, 742, 744, 753 
, consequential, 757 

—, cost of, see Cost 

— by economisers, 726 

-endothermic or exothermic means, 745, 751,756 

—, financial aspects of, 757 

— by flash collection, 391, 394-397, 652, 742, 744, 753 

— in food factory, 655 
-forge, 758 

—, haphazard, 744, 752, 754 
—, hidden. 757 

— by increasing yield, 745, 752, 756 
-insulating buildings, 588 

— in jam factory, 759 
—, labour, 123, 519, 536 

— by lagging. 166, 743, 744, 759, 760 

— in laundry, 607-610 

— and management, 432, 559, 757 

— by mechanical water removal, 598, 609. 745, 749, 

756 

— from multiple effecting, 755 

— in paper mill, 760 

—, plant needed, cost of. 666. 668, 757, 758, 759, 760 

— Ill power stauon, 665 

-quick processing, 745, 748, 756 

-reducing process temperatures, 745, 746, 756 

-reprocessing, 745, 747, 756 

-water content, 745, 750, 756 

— -work to be done, 745, 756 

—, steam, approach to and .^Ttack methods, 741-744, 
756 

—, —, estimating, 757 
—, —, by exhaust use, 744, 758, 759, 760 
—, —, from turbine glands, 244, 761 
—• —. by using vapour. 403, 408, 629, 744, 754 

— by stopping leaks, 742, 743, 756 

-safety valve blows, 423, 424, 437, 524, 525. 

528, 576, 742. 743. 756 

-trap maintenance, 742, 743, 756 

value of, 398, 400, 402, 410, 411, 496, 535, 536, 
537, 551, 559, 587, 636, 655, 665, 667, 668, 746, 
747, 749, 750, 752, 758, 759, 760 
Scale, Composition of, 328, 377 
-—.conductivity of, 162, 326, 328, 329, 330, XIX, 
XLV 

— formation in evaporators, 328, 491 
-spray condensers, 406 

—. heat transfer thro* 162, 326, 328. 329, 330, XIX, 
XLV 

—, minimising, by circulation, 358 
—* —• — pressure, 761 

— removal, 375, 377 
Scatter Diagram, 680, 684 
Scoop, Condensate, 302, 760 
Screwed Piping, 203 

Scroll Heating Surface, 352, 363, 374 

Scrubbing Steam, 181, 235 

Sea Water, Composition of, LXXX 

-, distillation of, 375, 377 

Seasonal Variations, 148, 684, 774 
Secondary Fuels, 564, 571, LXII 

— heat losses, 742, 744 
Sectional Boilers, LXV 

Self Adjusting Automatic Control, 552, 553, 555 

— centering mechanisms, 529, 530 

— compensating automatic controls, 555 

— contained relay trap, 290 

— evaporation, see Flash 

— regulation of M.E. evaporators, 472, 497, 498 

— taring weighing machines, 238 

— synchronising generators, 804 
Selective Temperature Control, 537, 761 
Selung Power, 140, 804 

— steam, 137 

Semi-souds, Measuring, 238 
Sensible Heat, 32, 40, 41, 76, T 

-, change of, 43 

-of flue gas, 576 

— — and latent heat, 470, 485 

-in M.E. evaporators, 481,483,485,486,488,489 


Sensible Use of Latent Heat, 483,485-489, 537,761 
Separating Calorimeter, 213 
Separators, Air and Condensate, 501, 502 
—, oil, 184, 450, 463, 758 
—, steam, 181 
—, vapour, 761 

Sequences, Predetermined, 534 
Services, 671 

—, costing, 671, 672, 676, 679 

Servo Automatic Controls, 292, 529, 530, 533, 538, 

— operated traps, 292 

Setting Engine Valves, 262, 264, 273 
Shape of Vacuum Pans, 361 

-displacer for tank control, 521, 552-554 

Sheeted Lagging, 164, 166, 204, XXXI 

Shell Boiler, Accumulator Action of, 435 

—, —, as accumulator, 45, 135, XV 

Short Tube Evaporator, 328, 352, 364, 365, 366, LI 

-, H.T.R.. in, 328, 366 

-, scaling of, 328 

Shower Bath Heat Requirements, 589, LXIX 
Skylights, Heat Loss thro*, 587, 1XVI11 
Significance, Correlation, 683, LX XI 
Simple Flash Collection, 394 

-cooling, 401 

Simultaneous Equation, 676 
Sinoing Kettle, 24 

Single Effect Evaporator, 470, 471, 488, 535, 642 

— storey buildings, condensate collection, 753 
SrmNo IN the Sun, Efficiency or, 768 

Size of Engine and Turbine, ErrECT of, on Effi¬ 
ciency 104 

-flash tanks, 303. 395, 396, 399, 660, LVI, LVII 

-orifices, 230 

-pipes. 173, 174, 205, XVIIl 

-for orifices, 230, XXXV 

— pot, paper mill, 760 

— of spray condensers, 405 

-vacuum pans, 353, 358 

-valves, 205 

Slide Valve Characteristics, 265 

-parallel, 205, XXVIII 

Sliding Expansion Joint, 192, 193 

Slime, Removal of, from Heating Surfacf^, 351 

Sluice Valve. XXVIII 

Small Back Pressure Machines, 150 

Smooth Flow of Process, 520, 748 

Smoothing Ppaks, 431, 432, 433 

Snonv, 788, 800, LXXX 

So„ Sulphur Dioxide, 723 

SO„ Sulphur Trioxide, 723 

Socket, Welding, 203 

Social Service Water, 589, 761, LXIX 

Soda, Caustic, see Caustic 

Sodium Carbonate and Hydroxide, '177 

— chloride and nitrate, LXXX 
Softening, Water, 761, 800 
SouD State, 2, 3, 786 

SouDS Dissolved in Blow-down, 495, 496 
—, measurement of, 238 
—, organic, LXX 
—, weighing, 238 

Solubility of Gases in Water. 798 
Solution, Heat of, 235, 751, 779 
—, water, the, 800 

Space Heating, 585, 586, 587, LXVFI, LXVIII 

— — by bleed, 663 

-of brewery, 619, 626, 636 

-by economisers, 730, 731 

-flash. 394, 760 

-floor loss, 587, 602, LXVIII 

-of food factory, 646 

— -forge, 758 

-laundry, 599-602 

-by low grade heat, 769 

~ — of paper mill, 760 

-power station, 656, 661, 663 

-roof loss, 587. 601, 619. 626, 649, LXVIII 

-of sugar refinery, 761 

-, unintentional, 585 

-. ventilation heat, 586, 599,619,626,646, LXVU 

-wall loss, 587. 600, 619, 626, 646, LXVIII 

-by waste heat, 761 

—. steam, see Steam Space 

Spfcific Gravity of Beer and Wort, 612, 613 

— heat. 32, 33, 41, 95 

-of beer. 613, 614 

-ice, 793, LXXVII 

-iron, 190, LXX 

-materials, 590, LXX 

-- — steam, 182 
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SPECIFIC-STEAM 


OF Water, 32, 33, 41, 784, 796 
Speed, Effect on Load of, 704,708 

-output of, 707,710 

—, excessive, 704 

— reduction of centrifugal pump, 706 
-fans, 705 

-by frequency changer, 708, 709, 712 

-and maintenance, 707 

-- of process machines, 707 

— relation to power, 704 
~ variation, 703, 709-712 
Spinning Frame, Lubrication of, 715 
Sfut,^Heat. Latent and Sensible, 392, 470, LIV, 


—, —, over processes, 558, 559 
—, steam, over processes, 559 
Spray Condenser, 394, 395. 396, 399-400, 403-408. 
495, 496, 754, 761 

-construction, 407 

-scaling, 406 

-size, 405 

Spread, 62, 74, 80, 85, 87, 90, 92 
Spring Pipe Supports, 200 
Squirrei^Cage Motor Performance. 712, LXXIIl 
Stage Heating, see Heating, Stage 

— removal from centrifugal pump, 706 
Stamping Presses, Driving, 710 

Standard, British, Code, Flow Measuremen'i , 232 
—• —• steam piping, XVIII 

— calandria evaporaior, see Evaporator 

— costs, 678 

Standard Pipe Fittings, Resistance of, XXVIII 

Star Connecfion, 700, 701, LXXIIl 

Starting Motors, 700 

State, Chanof of, 3, 42, 58, 59 

—, exhaust. 79, 80, 131, 144, 145. 146 

—. liquid, 2, 3, 58. 59, 789 

— point, 66 

-. path of, 72, 75, 76. 77. 85 

—, solid. 2. 3. 786 

—. vapour, 2, 3. 58, 59, 785, 790 

Station, Power, lec Power Station 

Statistical Analysis, 680-689, see also Regression 

Statistician v. Accountant, 688 

Stfam, 1. 11, 785, 790, 791 

— accumulator, sec Accumulator 
—, air in, see Air 

— balance, see Heat Balance 

— boiler, see Boiler 

— blowers, 382, 383, 438 

— circulation, 349, 493, 500-506 

— --air venting, 501, 502 

-in drying cylinders, 504 

-long pipe heaters, 501 

— mechanical, 506 
-in presses, 505 

-V. pressure hot water, 517 

-, speed of, 506 

-V. straight steam, 517 

— circulator, 501, 503 

—, composition of, 785, 791 

— condensation, see Condensation, Condenser 

— consumption, see IndiAdual Items and Steam Flow 
-. A.R.P.. 684 

— — in blitz, 684 

— bombs, effect of, on, 684 

-of engines, see Steam Engines 

-, estimating 235. 254 

_, fixed, 121. 122, 241, 680, 681, 684, 688 

-, frictional, 120, 242 

-, marginal, 121, 680, 681, 684, 688 

-, measuring, 234, 255 

-, pumping action, 241, XL 

-•, seasonal, 148, 684 

-of turbines, 104, 251, 255, 274 

-variation with output, 680 

-^ wetness, effect of, on, 131 

—, cooling of, 22 

— costing, 671-679 

— —, adiabatic basis, 679 

— —, available energy basis, 679 

_, boiler auxiliaries, 676 

-, coal, 674 

-, depreciation, 677 

_, gross or net, 676 

-, heat basis, 679 

-, labour, 673 

-, maintenance. 675 

-, materials, 674 

-, overheads, 671, 677 

-^ overtime, 673 

_, services, 671, 672, 676 


—Steam Costing to Users, 679 

— cycles, see Cycle 

— density. 42, 317, 318 

— distribution, 175, 183, 187 

-, high or low pressure, 175 

-, superheated, 50, 180, 183 

— distillation, 387 

-, steam consumption of, 388 

— driers, 181 

— drying by water scrubbing, 181, 235 
—, dry saturated, 20 

—,-, advantages for process, 176, 177, 178 

— engine, 54 

-, back pressure, 124, 148, 149 

-, compound, 131, 264 

-compression, 245, 259, 264 

-. condensing. 124, 127, 153, XXXIX 

-- —, conversion to back pressure, 153 

-, —. efficiency of, 115, 240, XXXIX 

-defects, admission valve, 262, 269 

-, cylinder condensation, 262, 264 

-, looking for, 250 

-shown by indicator, 262, 264 

-, wrong valve timing, 262, 273 

-f^fficiency, 104, 114, 115, 120, 240, X, XXXIX 

-, examination of, 267 

-, extraction. 124 

-, frictional loss in, 120, 242 

-improvement by superheating, 246, XLI 

-, inefficiency of, 240. XXXIX 

-. jamming for test, 272 

-, lagging of, 243 

-losses, 112 

-maintenance, 267-273 

-, non-condensing, 240, XXXIX 

-, —, conversion of, 155 

-, overloading of, 262 

-, pass-out, l24, 130, 156 

-, pumping action of, 241, XL 

-radiation loss, 243 

-size, effect of, 104 

-steam consumption, 246, 251, 253-256, XL 

see also Steam Flow 

-« correct, 251 

-, estimating, 254 

-, ideal, 253 

-^ measuring, 255 

-testing without indicator, 266 

-with steam, 268 

-, triple expansion, 131 

-, underloading of, 262, 264 

-, uniflow, 104, 265 

-, wiredrawing in, 112 

-valve setting, 262, 264, 273 

-characteristics, 265 

—, exhaust, see Exhaust 
—, fixed, 121, 122, 241, 680, 681, 684, 688 
—, flow, XXVII, see also Steam Consumption 

-thro’ constriction, 218 

-, estimating direct injection, 235 

-, effect of peaks on, 426 

-in heating surfaces, 300, 302, 316, 322, 376 

-measurement, 215, 234, 235 

-by condensate, 234 

-meter, 584 and below 

-, home-made, 215-233 

-, —, accuracy of, 217 

-—^ home-made, condensation chambers for 

223 

, connecting up and starting, 227, 228 
, construction, 226 
, corrections, 231 
, cost of, 216 

, limitations of, 232, XXXVI 
. orifice for, 220. 221, 230, 232. XXXIV 
XXXV 

, pressure connections for, 222, 224, 225 
, scale, 229, XXXIII 
, U-tube, 219 

-thro* pipe fittings, 173, XXVIII 

-pipes, 39, 43. 171-174, III, XXVIl 

-^ pressure drop, 171,173,174, XXIX 

-, velocity of. 171, 172, 174, XXVII, XXIX 

—, gases in, 315, 318, 387, 404, 413-416, 418, LX 

— hammer exhaust, 468, 758 
—, heat content of, 40-43, I, 11 

— heating, 110, see also Heating 
-efficiency, 110 

-V. pressure hot water, 517 

-, straight v. steam circulation, 517 

—, injected, estimating, 235 

— jet circulation, 343 
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STBAM-SURGING 
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Steam Leaks, 742, 743, XV, XVII 

— locking, 29S 

-in coils, 304, 305 ^ 

-condensate pipe, 304 

-drying cylinders, 302, 303 

-jacketed pans, 304 

—, marginal, 121, 126, 127, 680. 681, 684, 688 

— molecules, 3, 784 

— pipes, steel, B.S., XVIII 

Power.” Dalby. 805 

— — production, see Power 
-ratio, 123, 124, 611, 635 

— pressure, see Pressure 
—, qualities, good, of, 1 

— quality, calculating, 100, 131, 146 

-, measuring, 120, 186, 213, 234 

-as produced, 179 

— relay. 291, 529, 530, 531 

— release trap, 303 

— sampling, 213, 214 
—, saturated, 20, I 

— saving, 741-761, see also Saving 
—, selling exhaust, 137 

— separators, 181 

— spaces, air in and removal from, see Air 
-, steam path in, 322 

— split to processes, 559 

— sterilisation, 378, 379, 386 

— storage, 45, 434, see also Accumulator 

-at constant pressure, 135, 461, 462, 463 

-as hot water, 432, 434, 464 

-steam, 461, 462, 463 

—, superheated, see Superheated Steam 

— tables. 34, 106, 806,1, 11 

-, Callandar, 106, 806, I, II 

-, Keenan and Keyes, 106, 806 

— temperature, effect of air on, 318, 404, LVllI 

— tests on engines, 268 

— trap, see Trap and Trapping 

” — Trapping and Air Venting,” Northcroft, 805 

— usage, measuring, 234, 255, 584 

— velocity at branches. 202 

-in pipes. 171, 172, 174, XXVII, XXIX 

— volume. 39. 42, 43. 47, i. IF 

-relative to pressure. 39, 42 

-water, 5, 42, 1 

—. wet. 23, 186, 213, 234 
—, —, disadvantages of, 50, 177 
Steamers, Am Removal From, 378, 379 
—. safeguarding, 378 381 
—, trapping, 380 
Steaming, 378 

— casks, 620, 632, 633, 754 

— economisers, 721 

Steel, Heat Transfer Through, 326, 327 

— and mercury thermometers, 210 

— piping, 203, 204, XVUI, XXXI 
-, corrosion of, 799 

— works accumulator, 468 

-peaks, 421, 431 

-power production, 149 

Steering Engine and Gear, 530 
Stepping up Heat, 763 

-by B.P.E., 763, 777, 781, 782 

— --heat pump, see Heat Pump 

-thermo-compressor, 493, 763, 777 

Sterilisers, Air Removal from. 378. 379 

—. draining. 380 

—» safeguarding, 378, 381 

Sterilising in Brewery, 612, 630, 633, 636, 754 

-. cold. 612, 630, 633, 754 

-, —^ with ozone, 630, 754 

— by open steam. 378, 379, 386 

— chums, 408 

Sticking of Automatic Controls, 532 
Still, 352. 375 
—, analysis and design of, 376 
—, heat transfer rate, 375 
—, quadruple effect, 550, 761, 762 

— replacing reducing valve, 117, 352, 376, 761, 762 
Stirling, R., 803 

Stirrers, 336-343 

—, speed of, 707, 710 

Stone, Heat Loss through, LXVIH 

Stops, Process, Cost of, 551 

Storage Capacity of Boilers, 45, 435, XV 

—, heat, methods of, 434-469 

—, hot water, 432, 434, 464 

—, steam, see Accumulator 

Stove, Lithographic, and P.H.W., 512, 517 

—, coke, 571, LXIII 

Strainer. Trap, 297 


Streamline Flow, 334, 

Stroboscopic Effect op Fluorescent Lamps, 718 
Structure of Atom and Molecule, 785 
-ice. 786 

SUB-BCONOMISBR, 633, 736, 739 
Submerged Boiling, 24. 365 

— heating surface, partly, 366, 367 
Subtraction of Heat, 22, 63 
Sucrose, see Sugar 

Sugar Crystallisation, 360, 361, 373, 746, 752, 761 

— crystallising pans, 361, 373, 761 

— drier, rotary, 713 
—, invert, 612 

— melting, 235 

— packeting machine, 710, 713 

— refinery, 145, see also Plaistow Wharf 

-accumulator, 446, 467, 469, 761 

-bogey. 145, 562 

-coal consumption, 559, 562 

-heat balance, 559 

-peak loads, 422, 431 

-power generation, 145, 761 

-steam split, 559 

-space heating, 761 

—. reprocessing, 747 

— solution, B.P. of, 355, 778. LII 
-. B.P.E. of. 778, 779 

-. density control of. 536 

-, evaporation of^, 357, 369, 478, 480, 746, 750 

-, — in M.E., 478 

-, — cost, 535, 536, 551 

-. heal of solution, 235, 751, 779 

-, heat transfer rate to, 333, 334, 363, 369, 371 

-, supersaturation of, 536, 746 

-, viscosity of, 355 

—, weighing. 238 
Sulphur in Coal, 722 

— dioxide, trioxide, 723 
Sulphuric Acid in Flue Gas, 722, 723 
-for water treatment, 800 

Sun, SirriNO in, Efi iciency of, 768 
Superhfat, 21, 47, 50, 60, 246, 247, II, see also 
Superheated and Superheating 
—, estimating, 578 
—, giving up, 22 

— lines, 65 

— measurement, 186, 213, 234 

— necessary, 102 

— V. pressure, 146 

— region, 59 

Superheated Exhaust, 146 

— steam, 21, 47. 50, II 

-, advantage for distribution, 50, 180, 183 

-^-power, 80, 146, 246, 248 

-in board drying tunnel, 176 

-brewing copper, 176 

-, difficulties with, 247 

- , disadvantages for process, 48, 176 

-. effect on condensate measurement, 234 

-, heat transfer from, 176 

-, improvement in engines from, 246, XLl 

-tables, 47. II 

-, velocity of, in pipes, XXVII 

-, waste of, with direct injection, 48, 176, 385 

— working, 80, 146 

Superheater Performance, Estimating, 578 

— heat transfer rate, XLVI 

Superheating, 60, 246, 247, see Superheat and 
Superheated 

— in blowers, 48, 385 

— by expansion or wiredrawing, 48, 74, 182, VI 
Supersaturated Solutions, 536, 746 
Supervision, Steam Savings Need Little, 757 
Supports, Pipe, 200 

Suppression op Overshooting in Auto Control, 
528 

-hunting, 528, 551, 553 

— in tank control. 551, 553 

SuRf ACE, Bare. Heat Loss from, 166, XXII. XXIII 

— condenser, 15, 323 
-, venting air from, 323 

—• heating, see Heating Surface 
—. lagged, heat loss from, 166, XXII, XXHI 

— of liquids in cylindrical tanks, 443. LXI 
-, heat loss from, 464 

-• molecular effects at. 6, 8, 778 

-pipes, XXIV, LXIX, L 

— tension, 348, 365, 784, 790 

—/volume ratio of evaporators, 352, LI 

—/-tanks, 443, LXI 

—, wetting of. 348 
Surging in Pans. 362, 365 
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SURGINO-TRAP 


Surging in Tanks, 527 

Surplus Valve, Characteristics of, 117 

--, automatic control of, 538, 550 

Suspended Bottle Level Control, 292, 527 
Switch, Foot, 716 

Synchronising with Grid, 128, 140, 804 
Synchronous Motor for Power Factor Improve¬ 
ment, 698 

-water analogy, 694 


Table, B.S., Pipe, XVIU 
—, steam, saturated, 34, 806,1 
—, —, superheated, 47, 806, II 
Tank, see also Tanks 
—, atmospheric, 308, 412, 761 

— coils, air venting, 322 

-, draining, 304, 305 

-, H, T, R., XLVI, XLVII 

-, steam locking, 304, 305 

— control, 520-523, 551-556 

— draw-olf, floating, 384 
—4 flash, see Flash Tank 
—, feed water, 738 

—, flushing, W.C., 521 
—, glass melting, 737 
—, heating of, 427 

— level is flow meter, 523 

— mixers, 336-343 

—, trap, 292, 305, 322 
Tanks, see also Tank 
—, correct size of, 520, 748 
—, corrosion of tops, 464 
—, covering of tops, 464 
—, cylindrical, capacity of, LX 
—, —, heat loss from, 464, LXIA 
—, —, liquid surface of, 443, LXl 
—, heat loss from, 464 

—,-, effect of covering, 464 

—, — - -shape, 464 

—, -^-si2e, 464 

—. lined, 304, 382 
—, movement of liquid in, 336-343 

— for smoothing fluctuations, 520 
—, thermostatic blower, 384 

— and vats, movement in, 336-343 
Tar, Calorific Value of, 570 
Tare Weighing, 238 

Target Heat Consumption, 560 
Tee, Standard Pipe, XXVIll 
Tflegraph, Engine Room, 432 
Temperature, Absolute, 57 
boiling, 11, 35, 41, 790 

— of condensers, 413, 414, 415, 537, 761 

— conversion, 212 

— control, selective, 537, 761 
—, critical, 42 

— difference across caloriflers, 350 

-, distribution in M.E. evaporators, 479 

-across economisers, 577, 720-727 

-evaporators, 478, 479, 480 

-. eflcct on H.T.R., 331, 353, 355, 357 

-across heating surface, 330, 350 

-, mean and log mean, 350 

-for processes, 125 

-in vapour heaters, 483 

effect on H.T.R.. 331, 353, 355, 357 
—, — of hydrostatic head on, 365, 367 
—/entropy diagram, 68, 105 

— equalisation, 17 

— of boiler feed water, 579 

— gradient in film evaporators, 367, 368, 371 
-heat exchangers, 350 

— V. heating surface, 353 

—, high, damage to products by, 176, 355, 387, 401, 
482, 493, 746 

— of lagging, 165, XX 

—, low, evaporation at, 35, 36 
—, —, space heating by, 769 

— in M.E. evaporators, 472-498 

—, process, reduction of, 125, 745, 746, 756 

— range in B.P.E. cycle, 777 

-heal pump, 769, 777 

-M.E. evaporator, 480, 489 

-thermo-compressor, 777 

— rise, 3, 9, 11 

—, saturation, 41, I, II 

— scale, Centigrade, 31, 57, 212 
-, conversion, 212 

-, Fahrenheit, 30, 57, 212 

—, steam, effect of air on, 318, 404, LVIII 
—, —, effect of pressure on, 12, 13, 35, 36 


Temporary Hardness, 406, 761 
Tension, Surface, 348, 365, 790 
Tests, Boiler, 573, 575, 576 
—, engine, without indicator, 266 
—, with steam, 268 
Textiles, Drying, 598, 609, 749 
—, specific heat of, 596, LXX 
—. washing, 595, 596, 597, 607, 608, 749 
Thames, 771 

Theoretical v. Actual Power Consumption, 716 
Thermal Efficiency, 55, 659 

— energy, 51, 52, VII 

— expansion, 18, 192, 285-288 

— unit, British, 32 
Thermo-compression, 493, 763, 777 
Thermo-couple, 211 

Thermodynamics, Second Law op, 125,763, 779 
Thermometer, Amplifying, 546 
—, Centigrade, 31, 57, 212 

— control, 546 

—, Fahrenheit, 30. 57, 212 
—, mercury in glass, 29, 209 

— -steel. 210 

— scales, 30 31. 57, 212 

-conversion of, 212 

Thermos Flask as Calorimeter, 213 
Thermostat. 286, 287, 384. 526, 594. 606, 75b, 759 
—, on-off, 526 

— and steam valve combined, 384 
Thermostatic Air Heating, 758, 759 
-vent. 288, 379. 502 

— blower tanks, 384 

— control of can cooler, 547 
-condensers, 537, 761 

— desuperheating, 185 

— flash collection, 394 

— traps, 276, 235-288 

— water heating, 384, 594, 606, 608, 759 
Three Phase Current, 694 
Thring, M. a., 763 

Throitlino, 48 

— calorimeter, 213 
Time’s Arrow, 94 
Tip Leakage, 112 

Tools, Blunt, Power Wasted by, 717 
Torque Ampliher, Bush, 533 
Total Heat, 40. 66, 76, I. II 

--/entropy diagram, 106, 107 

-of ice-water-stcam, 794 

-lines, 66 

-transfer, 332 

Town Gas, 568, 725. LXII, LXIH, LXXIV 

— water heating, 761 
Tracing, Steam, 346 
Traffic Light Controller, 547 
Transfer, Heat, see Heat Transfer 
Transforming Relay, 549, 554, 555 
Transitional Flow, 334 
I'RANSMISSION PIPES, 137, 346 

Trap, see also Trapping, Draining, Condensate 
Removal 

—, accessibility of, 277, 284 
—, air discharge from, 282, 285, 295, 303 
—, balanced pressure, 288, 321 
—, blowing, detection of, 234 
—, —, measurement of loss from, 234 
—, bottle, suspended, 292, 527 
—, bucket, inverted, 284 
—, —, open, 283 

—, buoyancy effects in, 278, 280, 281, 283 

— bye-pass, 190, 314, 742, 743 
—, capacity of, 190, 278, 298 

—, characteristics of, 276, 294, XLIII 
—, choice of, 294, XLIII 
—, damage to float, 280 

—,-by frost, 296 

—, direct acting, 277-288 
—. dirt, 190, 297 

— discharge rates, 190, 278, 298 
—, expansion, 285-288 

—, —, as air vent, 285, 286, 288, 321 
—, —, balanced pressure, 288, 321 
——, limitations of, 276, 285, 294, XLIII 
—, —, liquid. 287 
—, —, metallic, 286 
—, elimination of, 313 
—. faulty, 742, 743 
—, float. 277, 278. 280, 281, 292, 294 

-, buoyancy of, 278, 280, 281 

-, hollow, 277, 280, 281 

—, —, limitations of, 278 
-. solid, 280, 292, '»61 
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TRAP-VALVE 
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Tbap. Float, Trip Action, 279 
—t high pressure, 190, 278, 281 
—, inverted bucket, 284, 294, XLIIl 
—t labyrinth, 294 
—, Umng, 293 

—, limits discharge from, 190, 278 

— maintenance, 742, 743, 756 
—t mechanical, 276-284 

—^ open bucket, 283 

—, pilot, 291 

—, pressure limit of, 278 

—, pumping, 293 

—, relay. 289, 292 

—, —. pilot, 291 

—, —, self-contained, 290 

—reducing numbers of, 313, 391 

—t selection of, 294, XLIIl 

—, servo, 292 

—^ steam release from, 303 

— strainers, 297 

—suspended bottle, 292, 527 

— tank, 292, 305, 322 

—, thermostatic, 276, 285-288 

— for vacuum spaces, 293 

TkAPPiNO, see also Trap, Draining, Condensate 
Removal 

—, Steam, and Air Venting **, Northcroft, 805 

— autoclaves, 380 

— by barometric leg, 308, 761 

— drying cylinders, 302 

— by gravity, 307 

, group, 305, 313, 759. 760, 761 

— jacketed pans, 304, 759 

— pipe lines, 190 

— steamers and sterilizers, 380 

— systems, air locking of, 295 
-steam locking of, 295, 304 

— tank coils, 304, 305 

— unit heaters, 306, 398 

— by U-tube, 3W 

— vacuum spaces, 293, 308 
Treatment of Water, 799, 800, 805 
Trend, 680 

Trihydrol, 784, 788, 789 

Trip Action Float Trap, 279 i 

— valve, 265, 269 ^ 

Triple Effect Evaporator, 470, 475, 495, 651, 652, 
656, 664, 760 

— expansion engines, 131 
Tube Cleaning, 328, 371, 377 
-, economiser, 724 

—, fluorescent discharge, 718 
—, Pitot, 232, 366, 506 
—, -U, see U-tube 
—, heating surface of, 345, XLIX, L 
Tumbler, Laundry, 594, 598, 609, 710 
Turbine. Back Pressure, 124, 125, 126, 129, 131, 
143-149, 467, 469, 550, 761, XXXIX 

—,-, distortion by exhaust pipe, 200, 264 

—,-.heat consumption of, 112, 113, 114, 120, 

566, XIV, LXII 
—,-, pass-out, 131. 761 

— blades, churnmg of, 112, 130, 242 
-, damage to, 82, 274 

-, deposit on, 274, 463 

—, bleeder, 87, 88. 89, 656, 657 
—, —, and accumulator, 458, 459 
—, —, and blow-down flash, 410, 411 

— bleeds, 88, 657 

-and sub-economiser, 736 

—.choice of. 125, 148, 149 

—.condensing, 108, 109, 124, 127, 132. 134, 154, 240, 
XI, XIl, XXXIX 

—, —. conversion to back pressure, 154 
—, cooling of blades of, 130, 242 

— defects, 250, 274 

— efficiency, 104, 240. XI. XII, XXXIX 

— and evaporator compared. 490 
—.exhaust-, 124, 132, 148, 149, 466, 490 
—, extraction, 124 

— feeding evaporator, 490 
—, gas, 493, 803 

— gland, 112, 120, 244, 274, 761 

-Steam, use of, 244, 408, 761 

—, impulse, 274 

— losses. 85, 104, 112 

— maintenance, 274 

—, mixed pressure, 124, 133, 148, 466, 468, 679 
—, pass-out, 87, 124, 130, 131, 148, 550, 761 

— peak capacity with accumulator, 459 
—. reaction, 274, 463 

—, reblading, 274 


Turbine, Rbglandino, 274 

— size, effect of, 104 

—small, usefVilness of, 150 

— steam consumption, 104, 255, 274 

— upkeep. 274 

— vacuum, 82, 104 

—, vacuum-, see Vacuum-Turbine 
—. volume, 104 
—, wiredrawing in, 112 
Turbo-Compressor, 493, 763 
Turbulent Flow, 334 


Unburnt Carbon in Ashes, 576 

— CO in flue gas, 576 
Underback, 612 
Undercompensation, 527 
Underloaded Driers, 748 

— engine, 262, 264 
Uniflow Engine, 104, 265 

Unique Properties of Water, 795, LXXVIIl 
Unit, British Thermal, 32 
—, Centigrade Heat, 32 

— drive or lineshaft, 703 

— evaporator, 656, 657 

— heater, air removal from, 322 ^ 

-, cheapness of, 306 

-, draining, 306, 398 

-H.P.. with L.P. efficiency, 398 

Unrecovered Pressure Drop across Orifice, 232, 
XXXVI 

Upgrading Heat, 763, see also Stepping up Heat 
Usefulness of Automatic Controls, 519 
Users, Costing Steam to, 679 
Using Atmospheric Exhaust, 132, 152, 679, 744, 758 

— condenser heat. 153, 761 

— waste heat from I.C. engines, 158, 159 
U-Tube, Condensate Removal by, 309 
—, convection, 310 

—, cooled, 311 

—detector for automatic control, 536, 543 
—, mercury, 28, 207, 219 
—, theoretical, 309 
—, water, 208 


Vacuum and Air Removal, 404, 413, 414 
-boiling point, 13. 35. 36. 355. LII 

— breaker, 324, 758 

— in condensers, 413-416 

— cooling, 401, 402 

— distillation, 387, 388 

— evaporation, 36, 355, 357, see also Evaporation 

— evaporators, 355, see also Evaporators 

— exhaust, 82 

— flashing, 409 

— gauge, 28 

—, high, distillation under, 387 

— in jet condensers, 413, 414, 415, 416 

—, importance of, for power generation, 27 

— pan, 352 353, 355-363, 373, 761, LI 
-, circulation, forced. 359 

-, —, natural, 360 

-, Howard’s, 361 

-, shape, 361 

-, size, 353, 358 

-surging, 362, 365 

—, production of, 15, 390 

— pump, 669 

— refrigeration, 402 

— spaces, air removal from, 323 
-, draining, 293, 308 

— trapping, 293, 308 
--turbine, 124, 134. 149 
Valleys and Peaks, 420-433 

Valve, Admission, see Admission Valve 
—, angle, XXVIII 
—, area of opening, 205 

— characteristics, 549 
—, diaphragm, 205 
—, drop. 265. 269 

—, exhaust, see Exhaust Valve 
—. float. 519, 520 

— gear characteristics, 265 
—, globe, 205, XXVIII 

— leakage, 112 

-, admission, 262, 266, 269 

-, exhaust, 266. 270, 271 

-and water hammer, 305 

— lift. 205 
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VALVE-WATER 


Valvb Opening, 205, 209 
— , oversize, 205 
— , parallel slide, 205, XXVUI 
—, pUot, 529, 545, 555 
—, piston; testing 267 
—, safety, see Safety Valve 

— setting, 262, 264, 273 
slide, 262, 264, 265 

— size, 205 . * 

—, relief, 129, 728 

—^ reducing, see Reducing Valve 
—, resistance of, XXVIII 
—, testing engine, 266>273 

— timing, 262, 264, 273 
—. trip, 265, 269 
Valveless Pump, 335, 532 * ‘ 

Valves, Choice of. 205 

" — and valve gears,*' Furman, 805 
Vaporisation, Heat of, 14, 40, 42 
—, mechanism of, 8, 11, 790 
Vapour, 2, 5,14 

— collection, 403, 754 

-from brewing coppers, 408, 629, 631, 754 

-— churn steriliser, 408 

-ducts, 407 

-from dye vats, 403, 408 

-hoods, 403, 404, 407 

-from jam boiling, 408 

-savings by, 403, 408, 629, 744, 754 

-steamer, pan, etc., blow-oflf, 408, 759 

-from turbine glands, 244, 408, 761 

— heating, stage, 370, 483. 485, 486, 490, 652, 664 

— loss from pans, etc., 742 

— melter, 779 

— pressure, 10-14, 24, 387, 388 

-of aniline and water, 388 

-and boiling, II, 35 

-B.P.L.. 778 

-equilibrium, 15, 779 

-, reduction of, 387, 388 

— state, 2, 3, 58, 59, 785, 790 

— velocity in evaporators, 369, XXVII 
Variable Speed Drive, 703, 709, 711 
Variation of Heat Consumption with Output, 

680 


Varying Pressure Cycle, 70, 77 
Vat Heating, 427 

-by coil, 304, 305, 322, XLVI, XLVIl 

— mixers, 336-343 

—, movement in, 336 
—, waste of steam from, 48, 176, 385 
Vehicle Actuated Controller, 547 
Velocity, Liquid, and H.T.R., 334, XLVIIl 

— of steam at branches, 202 

.-in pipes, 171, 172, 174, XXVII, XXIX 

-vapour in evaporators, 369 

-pipes, 172. XXVII 

-water in pipes, 172, XXVII 

Vena Coniracia, 218 
Venturi, 218, 238 

— nozzle, 438 

Vents and Venting, see Air 

Ventilation Heat Requirements, 586, LXVII 

— -in brewery, 619, 626 

-food factory, 646 

— --laundry, 599 

Vertical Boiler, 45, 759, LXV 

— heating surface, 300 
Vioers, rt. E. A., 275 
Virtue of Heat, 763 

Viscosity, Effect of, on H.T.R., 331, 333, 344, 356 

— of sugar solutions, 356 

of water, 213, 356, 797, LXXIX 
Viscous Liquids. Flow in Pipes, 346 

— —, heating, 334, 344 
-, measuring, 238 

Visits to Other Factories, 593 
V-notch Meter, 237, XXXVllI 
Volt, 693, 694, 695 
Voltage Regulator, 526 
.— in star and delta, 700 

— waves, 694 

Volume, Constant, Accumulator, 438, 447, 453 
—, —, of boiler, 74, 78 

— of engines and turbines, 104 

— lines, 67 

—, measurement by, 238 
—, relative, of steam and water, 5, 42, I 
~ of steam, 39, 42, 43, 47, I, 11 

^ --ii- at exhaust, 100 

-pressure, effect on, 42 

-water, 5, 42,1 


Volume, Surface/, op Pans and Evaporators, 352, LI 
Vulcanising, 379 


Walls, Heat Loss thro*, 587, LXVUI 

— -brewery, 619, 626 

—, -, food factory, 646 

—^ -^ laundry, 600 

Warm Effluents and Heat Pump, 775 
Warming Engine, Kelvin's, 764 

— up piping, 190, 346 

Wash Basins, Heat Requirements for, 589, LXIX 
Washing Bottles, 622 

— casks, 408, 612, 620, 629, 632, 633, 754 

— chums, 408 

— jars, 759 

— machines, laundry, 595-597, 607, 608, 757 
-, speed of, 707 

— textiles. 595, 596, 597, 607, 608, 749 
Washings, Evaporation op, 37, 640, 652 
Waste Heat in Brewery, 629, 631, 632 

-from blow-down, 399, 400, 410, 411, 495, 496 

660, 761 

— — in food factory, 651 

--—in forge, 758 

-from furnaces, 719, 737 

-I.C. engines, 158, 159 

-in jam factory, 759 

-from kilns, 719, 737 

-in laundry, 606 

-from ovens, 719 

-in paper mill, 123, 760 

-power station, 108, 660, 662, 664 

-for space heating, 761 

-in sugar refinery, 761 

-. use of. 537, 761 

— of steam by blowers, 48, 176, 365 
-in crystallising pans, 373 

— and wiredrawing, 48, 176, 385 
Water, 783, 784, 789. 791, LXXX 
—, aeration of, 761 

—, air removal from, 320, 761, 799 

— analogy for electricity, 694 

— analyses, 800, LXXX 
—. boiling. H.T.R. to. 331 
—, Burton, 800, LXXX 
—, chlorination of, 351 

— circulation by turbine drive, 150 

— column, 25 

-for gauge testing, 206 

—, composition of, chemical, 783 
—,-, physical, 784, 789 

— for condensing, 413, 414, LIX 
-, measuring, 255 

—, conductivity ofT 162, 326, 329, 330, XIX, XLV 

— content, processing at lower, 745, 750, 756 
—.cooling, condenser, 413-416, LIX 

—, corrosion by, 761, 799 
—, costing, 671 

— density, 281, 787, 795 

— distillation. 375, 376, 550, 761, 762 
—. distilled, 117, 320, 761, 762. 800 
—, drinking, 761, 800 

— drops, carry-over of, 39, 190, 393, 405, LVII 
-, speed of fall of, 405 

—. Dublin, LXXX 

— evaporation, 375, 376, 761, 762 
—, feed, see Feed Water 

— film, 299, 302, 317, 326 

-. heat resistance of, 299, 316, 326, 329, 330, XLV 

— flow. 236, 237, XXVII, XXXVII, XXXVIII 

— gas, LXII 

—, gases in, 320, 799 

— gauge, 208 

— hammer, 190, 191, 305, 307, 507, 721, 727, 728 
-in economisers, 721, 727, 728 

—, hardness of. 406, 761, 800. LXXX 
—. H.T.R. to, 366, 375, XLVI, XLVIl 

— as heat engine fluid, 796 
—, heating of, 331, 383, 384 

-in brewery, 618, 620, 629 

-by direct steam, 383, 384, 761 

-in economisers, 719, 720, 730 

-electrically, 565 

-, feed, see Feed Water 

-by flash. 394, 395, 399, 400, 495 

-in food factory, 645 

-Hawley boiler, 383, 761 

-laundry. 594. 606, 608 

-as peak leveller, 432 
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Water Heating for Social Services, 589, 761, 
LXDC 

^ stage, see Heating, Stage 
—. — in sugar refinery, 761 

-, thermostatic, 384, 594, 606, 608, 759 

-by waste heat, 394-400, 403, 408, 410, 411, 

486, 495, 496, 537, 606, 608, 629, 631, 632, 
, 651-653. 660, 662, 663, 758, 759, 760, 761 

—.heavy, 801 
—, hot, see Hot Water 
—/Iri^ Sea, LXXX 
—, Lake Vymwy, 800, LXXX 

— leaks, loss from, 160, XVI 

— level variation in accumulators, 441, 449 

— line, 59 

—, Liverpool, 800, LXXX 
—, Loch Katrine, 800, LXXX 
—, London, 800. LXXX 

— meter, hot, 237 

-, orifice, simple, 236, XXXVII 

-, positive displacement, 237 

-, rotary, 237 

V-notch. 237, XXXVIII 

— molecules, 784, 789 

—, oxygen in. 785, LXXX 
—, physical constants of, LXX, LXXVIII 
—pressure hot, see Pressure Hot Water 
—, properties of, 795-800 

—.-, unique, 795. LXXVffl 

—, rain, 800, LXXX 

— recovery in laundry, 608 

— region 59 

f —removal, see Draining. Trap, Trapping 
-. mechanical, 594, 598, 609, 745, 749, 756 

— softening, 761, 800 
-plant, 761 

—, solubility of gases in, 798 

— the solution, 800 
-solvent, 799 

—specific heat of, 32. 33. 41, 784, 796 

— still, design of, 376 

-, quadruple cfJcci, 761, 762 

— substance, properties of, 805 

— surface, permissible flash from, 393, LVI 

— treatment, 799, 800, 805 
—, unique properties of, 795 

—, viscosity of; 213, 797, LXXIX 
—, volume of, I 

-relative to steam, 5, 42, I 

Waterlogging, 234, 304 
—, deliberate, 306, 398 

— in M.E. evaporators for control, 498 
Watertube Boiler, Blow-down Heat Recovery, 

400, 410, 411, 495, 496, 660, 761 

-, efficiency of. 573, 574, LXV, LXVI 

-, estimating performance of, 580 

-,-superheater, 578 

Watt, Electrical, 693 
—, James, 15, 42, 245, 256, 693 
Wattless Current, 694, 697 
Waves, Voltage and Current, 694 
Waxing Casks, 632, 754 
W.C. Flushing Tank, 521 
Web, Paper, Water Content of, 749 
Webre, a. L. 333, 358. 359, 366, 805 
Weighing Coal, 563, 573, 575, 583 

— liquids, 238 

— machines, continuous, 238 


Weighing Machines, Self Taring^ 238 

— solids, and semi-solids, 238 

— viscous liquids, 238 
Weights and Measures, LXXXI 
Welded Heating Surface, 363 
•— piping. 203, 204. XXXI 
Welding Socket, 203 

Well, Hot, 394, 395, 738 
Wet Condenser, 412 

— region, 59 

— steam, 23 

-, disadvantage of, 50, 177 

-, measurement of, 186, 213, 234 

-, sampling, 214 

Wetness in Exhaust, 80, 82, 86, 100 
-, permissible, 82 

— line, 64 

—, steam consumption, effect of, on, 131 

— of steam, 23, 186, 213 

-, measuring, 186, 213, 234 

Wetting Surfaces, 348 
Wheatstone Bridge, 546 
Willans, P. W., 121 

— equation, 121, 679 

— line, 121 

-and regression line, 689 

-for two engines, 122 

Winding Engine Efficiency, XXXIX 

-exhaust, 448 

-, storing, 448, 462, 46^ 468 

-, indicator diagrams of, 265 

-, peaks due to, 420, 421, 431, 448, 466 

-, reduction of, 433 

Windmill Type Fans, 705 

Windows, Heat Loss thro*, 600, LXVIII 

Wiredrawing, 48, 74, 182, VI 

— as drying process, 182 

— in engines and turbines, 112 

— and waste, 48, 176, 385 
Wood, Heat Capacity of, 213 
—, calorific value of, 564, LXII 
—, heat loss thro*. 587, LXVIII 
Wooden Watfr Pipe, 202 
Wool Combs, Heating, 187 

— washing. 595, 597, 607, 608 
Work, 51 

— area, 75 

— done by engines and turbines, 252 
-steam, reducing, 745, 756 

—, electrical, 694-697 
—, external, 78, 116 
—, positive and negative, 263 
Wort, 374,612,614-618 
Wrangham, D. a., 805 


Yaryan Evaporator, 370 
Yeast, 612, 614 

Yield, Saving by Improving, 745, 752, 756 


Zero, Absolute, 57 
—, Fahrenheit, 30, 57 
—, centigrade, 31, 57 
ZfjRicH, Heat Pump in, 764, 771 
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